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ABSTRACT
SOME FIRST ROW TRANSITION METAL COMPLEXES 




The f o l lo w in g  n e u t r a l  m e ta l  l i g a n d  co m p lex es  h av e  
b e e n  p r e p a r e d !  The c o p p e r ( I I )  and  c o b a l t ( I I I )  com p lexes 
o f  p y r r o l e - 2 - a ld e h y d e ;  th e  z i n c ( I I ) ,  c o p p e r ( I I )  an d  n i c k e l ( I I )  
com p lexes o f  2 , 2 ' - ( 1 * - p y r r o l i n y l ) p y r r o l e ;  th e  z i n c ( I I ) ,  
c o p p e r ( I I ) ,  n i c k e l ( I I ) ,  c o b a l t ( I I I )  and  i r o n ( I I I )  com plexes 
o f  2 - ( 2 - p y r i d y l ) p y r r o l e ;  an d  th e  c o b a l t ( I I I )  com plex  o f  
2 - a c e t y l p y r r o l e . I n  e a c h  c a se  t h e  o rg a n ic  compound a c t s  
a s  a  m o n o n e g a tiv e  b i d e n t a t e  l i g a n d .  S e v e r a l  o f  t h e s e  a re  
new compounds and  none h a s  b e e n  p r e v i o u s ly  c h a r a c t e r i z e d .
The u n u s u a l  s y n t h e t i c  te c h n iq u e  o f  u s in g  b o i l i n g  
x y le n e ,  n a p th a le n e  o r  a n th r a c e n e  h a s  b e e n  u t i l i z e d  an d  i s  
show n t o  b e  a  v a lu a b le  p r e p a r a t i v e  r o u t e  f o r  o b t a in in g  
s e v e r a l  o f  t h e s e  m e t a l - l i g a n d  c o m p lex e s .
A l l  th e  co m p lex es p r e p a r e d  w ere  c h a r a c t e r i z e d  by  
u l t r a v i o l e t ,  v i s i b l e ,  an d  n e a r - i n f r a r e d  s p e c t r a ;  and b y  
m a g n e tic  s u s c e p t i b i l i t y .  B o th  s o l i d  and s o l u t i o n  p y r i d in e  
a d d u c ts  o f  th e  o o p p e r ( I I )  and  n i c k e l ( I I )  w ere  i n v e s t i g a t e d .
The c o n f i g u r a t i o n s  o f  th e  c o p p e r ( I I )  an d  n l c k e l ( l l )  com p lexes
viii
a r e  d i s c u s s e d  i n  l i g h t  o f  t h e s e  m e a su re m e n ts .
P r o to n  m a g n e tic  r e s o n a n c e  s p e c t r a  w ere  exam ined  f o r  
th e  c o b a l t  ( I I I )  an d  n i c k e l ( I I )  c o m p lex e s . The anom alous 
sp e c tru m  o f  th e  c o b a l t ( I I I )  oom plex o f  p y r r o le - 2 - a ld e h y d e  
i s  ex am in ed  i n  some d e t a i l .
ix
INTRODUCTION
P y r r o l e  i n  1831*, and p y r i d in e  i n  l81j.9, w ere  b o th  
f i r s t  i s o l a t e d  fro m  bone o i l . '* ' T h ese  a ro m a tic  n i t r o g e n
h e t e r o c y c l i c  b a s e s  and  t h e i r  many many d e r i v a t i v e s  h a v e  
b e e n  o f  i n c r e a s i n g  i n t e r e s t  t o  c h e m is ts  e v e r  s i n c e .
n a t u r a l l y  o c c u r r in g  m a t e r i a l s .  One p a r t i c u l a r l y  r i c h  so u rc e  
o f  a ro m a tic  h e t e r o c y c l i c  com pounds i s  to b a c c o ,  a n o th e r  i s  
c o f f e e .  N ic o t in e  ( s t r u c t u r e  I )  and  a  v a r i e t y  o f  r e l a t e d  
com pounds a r e  fo u n d  i n  to b a c c o .  The compound 2 - a c e t y l p y r r o l e  
( s t r u c t u r e  I I ) ,  a l s o  named m e th y l  p y r r o l - 2 - y l  k e to n e ,  and
o t h e r  p y r r o l e  compounds a re  fo u n d  i n  b o th  c o f f e e  a n d  to b a c c o .
D u rin g  th e  1 9 2 0 's  a  g r e a t  d e a l  o f  w ork was d o n e  i n  
c h a r a c t e r i z i n g ,  i d e n t i f y i n g  an d  f i n a l l y  s y n t h e s i z i n g  many
th e  p r o d u c ts  t h a t  w ere  i n v e s t i g a t e d  a re  o f  p a r t i c u l a r  I n t e r e s t  
t o  t h e  i n o r g a n ic  c h e m is t .  T hey  a r e :  2 - a c e t y l p y r r o l e
( s t r u c t u r e  I I ) ;  i t s  p r e c u r s o r  p y r r o l e - 2 - a ld e h y d e  ( s t r u c t u r e  
I I I ) ;  and  2 - ( 2 - p y r i d y l ) p y r r o l e  ( s t r u c t u r e  I V ) .  T h e se  w i l l
Many o f  th e  d e r i v a t i v e s  o f  p y r r o l e  and  p y r i d i n e  a re
0 HActP
( I ) ( I I )
2-6o f  th e  n a t u r a l  p r o d u c ts  o f  to b a c c o  and  c o f f e e .  °  T h re e  o f
H




h e r e a f t e r  b e  a b b r e v ia t e d  A c tP , P a i d ,  an d  PyP r e s p e c t i v e l y  
f o r  th e  a n io n s ,  an d  H A ctP, HP a i d ,  an d  HPyP f o r  th e  n e u t r a l  
o r g a n ic  com pounds.
T h ese  compounds ( s t r u c t u r e s  I I ,  I I I  an d  IV) i n  a d d i ­
t i o n  t o  t h e i r  i n t e r e s t i n g  and  im p o r ta n t  p h y s i o l o g i c a l  p ro p ­
e r t i e s ,  a l s o  h a v e  th e  a b i l i t y  t o  a c t  a s  b i d e n t a t e  l ig a n d s  
w i th  a  num ber o f  m e t a l s ,  i n  p a r t i c u l a r  f i r s t  row  t r a n s i t i o n  
s e r i e s  e le m e n ts .  I n  f a c t ,  Emmert and  c o -w o rk e rs  r e p o r t e d  
th e  n e u t r a l  z i n c ( I I ) ,  n i c k e l ( I I ) ,  c o p p e r ( I I ) ,  c o b a l t ( I I I ) ,  
an d  i r o n ( I I I )  com p lexes o f  PyP , a n d  th e  c o p p e r ( I I )  an d  
c o b a l t ( I I I )  com plex  o f  P a id  i n  1927  and 1 9 2 9 . I t  a p p e a rs  
t h a t  none o f  t h e s e  co m p lex es h a s  b e e n  i n v e s t i g a t e d  s i n c e .
Emm ert p r e p a r e d  th e s e  co m p lex es  b y  a d d in g  th e  a p p ro ­
p r i a t e  m e ta l  o r  m e ta l  o x id e  t o  a  b o i l i n g  m ix tu r e  o f  th e  
o r g a n ic  l i g a n d  i n  e i t h e r  x y le n e  o r  n a p h th a le n e .  A f t e r  
r e c r y s t a l l i z a t i o n  t o  o b t a i n  p u re  s a m p le s , E m m ert’ s c h a r a c ­
t e r i z a t i o n  c o n s i s t e d  o n ly  o f  e le m e n ta l  a n a l y s i s ,  an d  i n  a
7
s i n g l e  c a s e ,  a  m e l t in g  p o i n t .
The s y n t h e t i c  t e c h n iq u e  o f  b o i l i n g  a  m e ta l  s o u rc e  
w i th  a  l i g a n d  i n  a  h ig h  b o i l i n g  s o l v e n t  su c h  a s  n a p h th a le n e  
t o  o b t a i n  th e  m e ta l  com plex  h a s  n o t  b e e n  common i n  m odern  
t im e s .  W hile  su c h  a  m eth o d  may n o t  b e  a  s t a n d a r d  s y n t h e t i c  
te c h n iq u e  f o r  th e  i n o r g a n ic  c h e m is t ,  i t  i s  e v id e n t  f ro m  th e  
p r e s e n t  i n v e s t i g a t i o n  t h a t  th e  in o r g a n ic  c h e m is t  s h o u ld  n o t  
c o m p le te ly  d i s c o u n t  su c h  a  p r o c e d u r e .  W ith  th e  v a r i a t i o n  
o f  u s in g  m e ta l  c a r b o n a te s  a s  t h e  m e ta l  s o u rc e  when p o s s i b l e ,
3
a  s im p le  an d  r a p i d  p r e p a r a t i o n  o f  a  num ber o f  co m p lex es h a s  
b e e n  e f f e c t e d .  P ro b a b ly  th e  o n ly  d e f i n i t e  r e s t r i c t i o n  f o r  
u s in g  su c h  a  m eth o d  i s  t h a t  b o th  th e  l i g a n d  an d  th e  r e s u l t ­
in g  com plex  m u st b e  f a i r l y  s t a b l e  a t  t h e  h ig h  te m p e r a tu re  
b e in g  em p lo y ed .
The th e r m a l  s t a b i l i t y  o f  HPyP i s  n o t  s u r p r i s i n g  i n  
v iew  o f  t h e  h ig h  d e g re e  o f  c o n ju g a t io n  o f  th e  m o le c u le .  
H P ald  an d  HActP a t  f i r s t  a p p r a i s a l  w ou ld  n o t  b e  e x p e c te d  
t o  be  so  s t a b l e .  The s t a b i l i t y  o f  H P a ld  h a s  i n t e r e s t e d
Q If)
c h e m is ts  f o r  many y e a r s  and  h a s  b e e n  w e l l  i n v e s t i g a t e d .  *
I t  i s  f e l t  t h a t  th e  s t a b i l i t y  i s  due t o  r e s o n a n c e  { s t r u c t ­
u r e s  V and  V I) ,  an d  t h a t  i t  may a l s o  be c o n t r i b u t e d  t o  by 
th e  ta u to m e r ic  a lc o h o l  fo rm  ( s t r u c t u r e  V I I ) .
H(v )  H (VI)
U sin g  n i c k e l ( I l )  c a r b o n a te  and  HPyP a s  e x a m p le s , 
a n  i l l u s t r a t i v e  r e a c t i o n  may be  w r i t t e n  a s :
NiC0 3  + 2 HPyP - V  N i(P y P ) g + c 0 2 ( g ) + H2° ( g )
T h is  i s  i n  no  way a n  a t t e m p t  t o  s p e c i f y  t h e  m echanism  o f  
th e  r e a c t i o n ,  b u t  m e re ly  t o  d e s ig n a t e  t h e  p ro b a b le  s t o i c h i  
o m e try . I n  any  e v e n t ,  t h e  r e s u l t i n g  com pounds a r e  s t a b l e ,  
n e u t r a l ,  m e ta l - o r g a n ic  c o m p le x e s ; s o lu b le  i n  o r g a n ic  




T h ree  com plexes o f  2 , 2 ' - ( 1 » - p y r r o l i n y l )  p y r r o le  
( s t r u c t u r e  V I I I ) ,  w h ich  w i l l  h e r e a f t e r  be  a b b r e v ia t e d  P IP
HP IP
H ( V I I I )
f o r  t h e  a n io n ic  l ig a n d  an d  HP1P f o r  t h e  n e u t r a l  o rg a n ic
m o le c u le ,  w ere  a l s o  p r e p a r e d .  T h is  d e r i v a t i v e  o f  b i p y r r o l e
11h a s  b e e n  p r e p a r e d  b y  R a p o p o rt e t  a l .  and  s u b s e q u e n t 
12i n v e s t i g a t o r s .  H ow ever, m e ta l  com p lexes o f  P IP  have  
n o t  b e e n  p r e v i o u s ly  r e p o r t e d .
I n o r g a n ic  co m p lex es o f  p y r r o l e  d e r i v a t i v e s  hav e  
b e e n  i n v e s t i g a t e d  i n  r e c e n t  y e a r s  b y  s e v e r a l  a u th o r s .  A 
num ber o f  N -R -p y r ro le -2 -a ld e m e n o  ( s t r u c t u r e  IX ) c h e l a t e
ex. H (IX )
H
co m p lex es  h a v e  b e e n  p r e p a r e d  b y  Holm and  c o -w o rk e rs ,
l*i»17 18
C h a k a v o r ty  a n d  o t h e r s .  The R s u b s t i t u e n t  h a s  b e e n
a  w ide  v a r i e t y  o f  m o le c u le s  from  h y d ro g e n  and s im p le  a l k y l  
t o  b ra n c h e d  a l k y l  and  a r y l  g ro u p s .
S e v e r a l  o f  th e  n i c k e l ( l l )  co m p lex es h a v e  b e e n  show n 
by  s p e c t r a l ,  m a g n e tic  and  n u c le a r  m a g n e tic  r e s o n a n c e  m e a s u re ­
m e n ts  t o  h av e  a  t e t r a h e d r a l - p l a n a r  e q u i l i b r i u m  i n  s o l u t i o n . ^  
A num ber o f  c o b a l t ( I I I )  co m p lex es w ere  I n v e s t i g a t e d  by
p r o to n  r e s o n a n c e  te c h n iq u e s  and  show n t o  b e  i n  a  t r a n s  
c o n f i g u r a t i o n .1 ^*1 "̂  The u l t r a v i o l e t - v i s i b l e  a b s o r p t io n  
sp e c tru m  was a l s o  exam ined  f o r  t h e s e  com pounds, a s  w e l l
f o r  s e v e r a l  c o p p e r ( I I )  c o m p le x e s .1^ * 1^*1 ® I n  a d d i t i o n  a  
few  p a l l a d i u m ( I I ) , z i n c ( I I )  a n d  m e r c u r y ( I I )  co m p lex es h a v e  
b e e n  s t u d i e d . 1^-*1®
W eber h a s  p r e p a r e d  a  num ber o f  c o p p e r ( I I )  an d  
n i c k e l ( I I )  com plexes w i t h  t e t r a d e n t a t e  p y r r o l e  d e r i v a t i v e  
l i g a n d s  ( s t r u c t u r e  X ), w here R w as a  v a r i e t y  o f  a l k y l  and
U U c ?  \ ^ )  ( x )
, ^ N — R — N ^ "  J
a r y l  g r o u p s . 1^*20 W eber c o n c lu d e d  t h a t  t h e  n i c k e l ( I I )  
co m p lex es w ere  s q u a r e - p l a n a r ,  a n d  t h a t  th e  c o p p e r  ( I I )  
co m p lex es w e re  p l a n a r  o r  p se u d o  t e t r a h e d r a l .  I n  a d d i t i o n  
t o  l i g a n d  f i e l d  and  m a g n e tic  m e a su re m e n ts , th e  co m p lex es  
w ere  a l s o  c h a r a c t e r i z e d  b y  i n f r a r e d  an d  u l t r a v i o l e t  
s p e c t r a l  p r o p e r t i e s .
P y r r o l e  d e r i v a t i v e  l ig a n d - m e ta l  co m p lex es h a v e  b e e n  
o f  c o n s id e r a b le  i n t e r e s t  3 in c e  s u c h  co m p lex es  c a n  b e  v iew ed  
a s  a n a lo g s  o r  p r o t o - t y p e s  o f  im p o r ta n t  b i o l o g i c a l  s y s te m s . 
N a t u r a l l y  o c c u r r in g  p y r r o l e - d e r i v a t i v e  l i g a n d - m e ta l  com­
p l e x e s  su c h  a s  p o r p h y r in s ,  p h th a lo c y a n in e s  an d  d i p y r r o -
21m e th e n e s  p l a y  k e y  r o l e s  i n  many l i f e  s y s te m s . Thus i t  i s  
n o t  im p ro b a b le  t h a t  n e w ly  s y n th e s i z e d  p y r r o l e  d e r i v a t i v e
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co m p lex es c o u ld  I n  th e  f u t u r e  b e  fo u n d  t o  h a v e  im p o r ta n t  
m e d ic in a l  p r o p e r t i e s .
D u rin g  th e  p a s t  few  d e c a d e s  th e  f i e l d  o f  c o o r d in a ­
t i o n  c h e m is tr y  h a s  come i n t o  i t s  own r i g h t .  L ig a n d  f i e l d  
t h e o r y ,  c r y s t a l  f i e l d  th e o r y ,  m o le c u la r  o r b i t a l  t h e o r y  and 
o t h e r s  h av e  b e e n  d e v e lo p e d , t e s t e d  an d  r e f i n e d .  The tr iu m p h  
l i e s  i n  th e  f a c t  t h a t  one c a n  f r e q u e n t l y  o b t a i n  v a lu a b le  
i n s i g h t  i n t o  th e  a to m ic  and  m o le c u la r  s t r u c t u r e  o f  com­
p le x e s  b y  s tu d y in g  su c h  p h y s i c a l  p r o p e r t i e s  a s  a b s o r p t io n  
s p e c t r a ,  m a g n e tic  m om ent, and  o t h e r s .  The p r e s e n t  w ork may 
be  v ie w e d  a s  b e in g  a  c o n t r i b u t i o n  t o  th e  c o n t in u in g  e f f o r t  
t o  u n d e r s ta n d  th e  i n t e r a c t i o n  o f  m o le c u le s  and  m e ta l s  i n  
c o o r d in a te d  c o m p le x e s .
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EXPERIMENTAL
M a t e r i a l s . —The l i g a n d  p y r r o l e - 2 - a l d e h y d e ,  a l s o  
named p y r r o l e - 2 - c a r b o x a ld e h y d e ,  w as p u rc h a s e d  fro m  A l d r i c h  
C h em ica l Company and  w as r e  c r y s t a l l i z e d  from  lo w  b o i l i n g  
( 3 0 -$ 0 ° )  p e tro le u m  e t h e r  b e f o r e  u s e .  The compound 2 - a c e t y l ­
p y r r o l e ,  a l s o  nam ed m e th y l p y r r o l - 2- y l  k e to n e ,  w as p u rc h a s e d  
from  E a s tm a n  O rg a n ic  C h e m ic a ls  and  u s e d  w i th o u t  f u r t h e r  
p u r i f i c a t i o n .  O th e r  c h e m ic a ls  u se d  a r e  r e a d i l y  a v a i l a b l e .
The m e ta l  s o u r c e s  w ere  g e n e r a l l y  r e a g e n t  g ra d e  
q u a l i t y ,  e x c e p t  f o r  th e  m a t e r i a l s  r e f e r r e d  to  h e r e a f t e r  a s  
th e  " b a s i c  c a r b o n a te s "  o f  c o p p e r ,  n i c k e l  and c o b a l t .  T h ese  
m a t e r i a l s  w ere  p r e p a r e d  by  t r e a t i n g  a n  a q u eo u s  m e t a l ( I I )  
c h lo r i d e  s o l u t i o n  w i th  a n  e x c e s s  o f  sod ium  c a r b o n a te  s o l u t i o n .  
The r e  s t i l t i n g  p r e c i p i t a t e  w as w ashed w i th  d i s t i l l e d  w a te r  
u n t i l  a  n e g a t iv e  c h l o r i d e  t e s t  was o b t a in e d ,  t h e n  c o l l e c t e d ,  
d r i e d ,  a n d  g ro u n d  to  a  f i n e  pow der. The p r o d u c t s ,  w h ich  
r e a c t  w i t h  a c i d  t o  r e l e a s e  c a rb o n  d io x id e ,  w ere  n o t  f u r t h e r  
c h a r a c t e r i z e d  an d  w ere  u s e d  a s  th e  m e t a l  s o u rc e  f o r  s e v e r a l  
o f  th e  com plex  p r e p a r a t i o n s .
22A l l  s o l v e n t s  w ere  d r i e d  b y  s t a n d a r d  t e c h n iq u e s
and  w ere  s t o r e d  o v e r  IjA m o le c u la r  s i e v e s  o r  so d iu m  w i r e .
S p e c i a l  p r e c a u t i o n s  w ere  t a k e n  w i th  t e t r a h y d r a f u r a n  (THF)
2^t o  a v o id  d a n g e ro u s  p e ro x id e  f o r m a t io n .  M a t e r i a l s  w h ich  
w ere  u s e d  a s  t h e  r e a c t i o n  m e d ia  f o r  s e v e r a l  o f  t h e  p r e p ­
a r a t i o n s  r e p o r t e d  h a v e  th e  f o l lo w in g  m e l t in g  a n d  b o i l i n g  
p o i n t s : 214'
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Compound
X y len e
N a p h th a le n e
A n th ra c e n e
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P r e p a r a t i o n  o f  2 , 2 ' - ( I 1 - P y r r o l i n y l ) p y r r o l e . —The 
l i g a n d  HP1P w as p r e p a r e d  fro m  p y r r o l e  an d  2 - p y r r o l i d i n e  
w i th  p h o s p h o ru s  o x y c h lo r id e  u s in g  th e  p ro c e d u re  d e t a i l e d  by
th e  m ix tu re  m ust be  made b a s i c  t o  a  pH o f  1 0 . I t  i s ,  
h o w e v e r, n e c e s s a r y  t o  r e c h e c k  th e  pH a f t e r  20 t o  30 ra in  
s in c e  t h e r e  i s  a  te n d e n c y  f o r  th e  r e a c t i o n  t o  r e v e r t  t o  a n  
a c i d i c  s o l u t i o n  due t o  th e  h y d r o l y s i s  o f  th e  p h o sp h o ru s  
o x y c h lo r id e .  I f  a  pH o f  10 i s  n o t  m a in ta in e d  a  p o o r  y i e l d  
w i l l  ire s u i t .
P r e p a r a t i o n  o f  2 - ( 2 - p y r i d y l ) p y r r o l e . —To o b t a i n  th e  
l i g a n d  HPyP th e  i n t e r m e d ia t e  N - ( 2 - p y r i d y l ) p y r r o l e  was
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p r e p a r e d  b y  a  v a r i a t i o n  o f  th e  m ethod  o f  Emmert e t  a l .
T h is  c o n s i s t e d  o f  u s i n g  x y le n e  a s  a  s o l v e n t  f o r  th e  r e a c t i o n  
b e tw e e n  p o ta s s iu m  p y r r o l e  an d  2 - c h l o r o p y r i d i n e , i n  a  1 :1  
m ole  r a t i o .  The r e a c t i o n  m ix tu r e  was r e f l u x e d  f o r  30  h r ,  
and  th e  p r o d u c t  was vacuum d i s t i l l e d .
When 2 - c h lo r o p y r id in e  was u s e d  a s  a  s t a r t i n g  m a t e r i a l ,
a  60$ y i e l d  w as o b ta in e d .  When 2 -b ro m o p y rid in e  was u s e d ,  
o n ly  a  k7% y i e l d  w as o b ta in e d .
R a p o p o rt a n d  C a s ta g n o li."* ’'*' A f t e r  th e  r e a c t i o n  i s  c o m p le te
The th e rm a l  r e a r r a n g e m e n t  o f  N - ( 2 - p y r id y l )  p y r r o l e  t o
2 - ( 2 - p y r id y l )  p y r r o l e  w as a c c o m p lish e d  u s in g  th e  m ethod  o f  
W ib au t e t  a l . 2  T h is  c o n s i s t e d  o f  d i s t i l l i n g  t h e  N - ( 2 - p y r id y l )  -  
p y r r o l e  th r o u g h  a  q u a r t z  tu b e  p a c k e d  w i th  4  mm B e r l  s a d d l e s .
The 1 0 -mm tu b e  w as h e a t e d  t o  700 ± 1 0 °  o v e r  a  l e n g t h  o f  £0 
cm. A s tre a m  o f  n i t r o g e n  was r u n  th ro u g h  th e  a p p a r a tu s  
d u r in g  th e  d i s t i l l a t i o n .  (See F ig u r e  I . )
A p p ro x im a te ly  8£  g o f  N -( 2 - p y r id y l )  p y r r o l e  w as u s e d  
i n  t h e  r e a r r a n g e m e n t  r e a c t i o n ,  a n d  8 0 .1  g  o f  c ru d e  p r o d u c t  
was c o l l e c t e d .  The c ru d e  p r o d u c t  w as s u b j e c t e d  t o  s te a m  
d i s t i l l a t i o n .  From  th e  f i r s t  2 1 . o f  d i s t i l l a t e  an  o i l  was 
c o l l e c t e d ,  and  th e  n e x t  4  t o  5  1* o f  d i s t i l l a t e  y i e l d e d  a  
w h i te  s o l i d .  The o i l  w as vacuum d i s t i l l e d  a n d  shown t o  be 
l a r g e l y  u n r e a r r a n g e d  N -( 2 - p y r id y l )  p y r r o l e  b y  f o r m a t io n  o f  
th e  p i c r a t e  d e r i v a t i v e  w h ic h  h a d  a  mp ra n g e  o f  1 4 1 -1 4 3 ° .
ft p
W ib au t g iv e s  th e  mp a s  143  . The w h ite  s o l i d  w h ich  was 
c o l l e c t e d  an d  d r i e d  h a d  a  w e ig h t o f  3 2 -4  g f o r  a  y i e l d  o f  
38$ .  The p i c r a t e  d e r i v a t i v e  o f  t h e  s o l i d ,  r e c r y s t a l l i z e d  
from  e t h a n o l ,  h a d  a  mp o f  2 2 3 ° . W ib au t g iv e s  th e  mp o f  
th e  p i c r a t e  o f  2 - ( 2 - p y r i d y l ) p y r r o l e  a s  2 2 2 . £ - 2 2 3 . 0° . 2 ' ^
I n  a d d i t i o n ,  7 g  o f  3 - ( 2 - p y r i d y l ) p y r r o l e  was r e c o v e r e d  
from  t h e  d i s t i l l a t i o n  f l a s k  by e x t r a c t i o n  w i th  h o t  w a te r .
P r e p a r a t i o n  o f  C u ( P a ld ) , ,— T h is  com plex  w as made
8by  a  m o d i f i c a t i o n  o f  th e  m ethod  o f  Emmert e t  a l .  s u b s t i ­
t u t e d  f o r  th e  " p r e c i p i t a t e d  c o p p e r  o x id e "  o f  E m m ert* s 
m ethod  w as th e  b a s i c  c a r b o n a te  o f  c o p p e r ( I I ) .  One gram  
o f  t h i s  s o u rc e  an d  1 g  o f  H P ald  l i g a n d  w ere  p l a c e d  t o g e t h e r
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i n  a  3 /k  x  1 °  i n c h  r e a c t i o n  tu b e  w i t h  3  to  Ij. m l o f  x y le n e ;  
th e  m e ta l  s o u rc e  w as th u s  i n  e x c e s s .  The m ix tu r e  w as r e f l u x e d  
f o r  20 m in . The x y le n e  w as th e n  f i l t e r e d  h o t  w i th  th e  a i d  o f  
a  few  m l o f  c h lo ro fo rm . On c o o l in g ,  d a rk  g r e e n  n e e d l e - l i k e  
c r y s t a l s  w ere  fo rm e d . The d r i e d  c r y s t a l s  w e ig h e d  1 .0  g  f o r  
a  y i e l d  o f  75$ b a s e d  on  th e  am ount o f  H F ald  u s e d .  The com plex 
w as r e c r y s t a l l i z e d  i n  50  m l o f  1 , 2 - d i c h lo r o e  th a n e ,  y i e l d i n g  
d a rk  g r e e n  n e e d le s  h a v in g  a  mp ra n g e  o f  183 - 1 85 °  w i th  decom po­
s i t i o n .
P r e p a r a t i o n  o f  C o ( P a ld ) . . —T h is  com plex  was p re p a re d
Q
b y  a  m o d i f i c a t i o n  o f  th e  m eth o d  o f  Emm ert e t  a l .  S u b ­
s t i t u t e d  f o r  th e  " c o b a l t  o x id e "  o f  Em m ert*s m ethod  w as th e  
b a s i c  c a r b o n a te  o f  c o b a l t ( I X ) .  One gram  o f  t h i s  c o b a l t  
s o u r c e ,  w h ic h  i s  a n  e x c e s s  o f  m e ta l ,  an d  one  gram  o f  H P ald  
l i g a n d  w ere  p la c e d  i n  a  5 0 -m l f l a s k  w i t h  20  m l o f  x y le n e .
The f l a s k  w as f i t t e d  w i t h  a  c o n d e n s e r  an d  a  g a s  i n l e t  tu b e  
so  t h a t  a  s t r e a m  o f  a i r  c o u ld  be  b u b b le d  th ro u g h  th e  r e a c t i o n  
m ix tu r e  a s  i t  r e f l u x e d .  A f t e r  8 h r  o f  r e f l u x i n g  th e  r e a c t i o n  
m ix tu r e  w as f i l t e r e d ,  th e  x y le n e  rem oved  o n  a  r o t a r y  e v a p o r a to r ,  
an d  a  f a i r  am ount o f  u n r e a c t e d  H P ald  rem oved b y  s u b l im a t io n .
The c ru d e  p r o d u c t  w e ig h e d  0 .2 6  g f o r  a  y i e l d  o f  22# . The 
com plex  w as r e c r y s t a l l i z e d  fro m  a b s o lu te  e th a n o l  y i e l d i n g  
f i n e  r e d  n e e d le s  h a v in g  a  mp r a n g e  o f  201 - 203° •
The com plex  c a n  a l s o  b e  p r e p a r e d  i n  THF fro m  a n h y d ro u s
c o b a l t ( I I )  c h l o r i d e ,  p o ta s s iu m  t - b u to x i d e  a n d  H P ald  b y  Holm’ s  
13m e th o d . ** U s in g  t h i s  m e th o d , a n h y d ro u s  c o b a l t ( I I )  c h lo r i d e
Figure I
N2 g a s
i n l e t  tu b e
2k/kO g
2l±/l±0 t o
10 mm ID q u a r t z  tu b e
T h e n a o c o u p le s  i n  q u a r t z  tu b e  
a t  c e n t e r ” o f  e a c h  fu rn a c e
100  m l
V a r ia c s
M e ta l  b a t h
Pyram e b e rs
^ R e c e i v e r  and 
i c e  b a th
S c a le :  3 /3 2  t o  1 ( in c h e s )
A p p a ra tu s  f o r  th e  P r e p a r a t i o n  o f  2 - ( 2 - P y r id y l )  p y r r o l e
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w as added  t o  th e  s l u r r y  fo rm ed  b y  th e  a d d i t i o n  o f  p o ta s s iu m  
t - b u t o x i d e  t o  a  s o l u t i o n  o f  H P a ld  i n  d ry  THF. The m ix tu re  
w as th e n  s t i r r e d  f o r  lj.8 h r  and  th e  THF f i l t e r e d  o f f .  A 
se c o n d  p o r t i o n  o f  THF was ad d ed  to  th e  s o l i d  an d  s t i r r e d  
f o r  a n  h o u r ,  f i l t e r e d  o f f  and  a d d e d  t o  t h e  o r i g i n a l  p o r t i o n  
o f  THF. The THF was rem oved  o n  a  r o t a r y  e v a p o r a to r  an d  th e  
re m a in in g  o i l  vacuum d r i e d  f o r  s e v e r a l  h o u r s  o r  a  d a y . The 
s o l i d  r e s i d u e  i n  t h e  f l a s k  w as t h e n  w ash ed  w i th  tw o s m a ll  
p o r t i o n s  o f  a b s o lu te  e t h a n o l ,  w h ic h  w ere  d i s c a r d e d .  The 
re m a in in g  l i g h t  brow n pow der w as th e n  d i s s o l v e d  i n  th e  
n e c e s s a r y  am ount o f  warm a b s o lu te  e th a n o l  an d  f i l t e r e d ;  
w i t h  c o o l i n g ,  a  m ass o f  v e ry  f i n e  c r y s t a l s  s e p a r a t e d .  Some 
e th a n o l  w as rem oved an d  a s e c o n d  c ro p  o b ta in e d .  A y i e l d  o f  
a b o u t  2$% o f  th e  p u r i f i e d  p r o d u c t  was o b ta in e d  from  t h i s  
r e a c t i o n .
P r e p a r a t i o n  o f  C o (A c tP )^ . —T h is  compound w as 
p r e p a r e d  b y  p l a c in g  1 g  o f  HActP l ig a n d  i n  a  3 /k  x  10 in c h  
r e a c t i o n  tu b e  w i th  2 -3  g  o f  n a p h th a le n e  a n d  h e a t i n g  t o  a  
low  b o i l .  The tu b e  w as l e f t  o p e n  to  t h e  a i r  th ro u g h o u t  
t h e  r e a c t i o n .  A dded s lo w ly  t o  th e  b o i l i n g  m ix tu re  was 1 g 
o f  th e  b a s i c  c a rb o n a te  o f  c o b a l t ( I I ) .  H e a t in g  w as c o n tin u e d  
f o r  10 m in . A f t e r  d i s s o l v i n g  i n  c h lo ro fo rm , th e  r e a c t i o n  
p r o d u c t  w as f i l t e r e d ,  th e  c h lo ro fo rm  rem oved  b y  r o t a r y  
e v a p o r a t io n  and  th e  n a p h th a le n e  an d  e x c e s s  l i g a n d  rem oved  b y  
s u b l im a t io n  i n  a  vacuum  d e s i c c a t o r  a t  6 0 ° .  The r e s i d u e  w as 
d i s s o l v e d  i n  a  nimum o f  a b s o lu te  e th a n o l ,  f i l t e r e d  an d
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a l lo w e d  t o  c o o l .  The r e s u l t i n g  m ass o f  d a r k  r e d  c r y s t a l s  
w as s e p a r a t e d  an d  d r i e d .  A y i e l d  o f  a b o u t was o b ta in e d .  
The com plex  h a s  a  mp r a n g e  o f  2 0 0 -2 0 2 ° .
P r e p a r a t i o n  o f  Z n ( P lP ) ^ . —T h is  com plex  c o u ld  n o t  
b e  p r e p a r e d  i n  x y le n e  o r  n a p h th a le n e .  I t  w as p r e p a r e d  
u s in g  b o i l i n g  a n th r a c e n e  i n  th e  f o l lo w in g  m an n e r. To 1 g  
o f  HP1P i n  2 g  o f  r e  c r y s t a l l i z e d  a n th r a c e n e  i n  a  3 /k  x  10 
in c h  r e a c t i o n  tu b e ,  1 g  o f  a n h y d ro u s  z in c  c a rb o n a te  w as 
a d d e d  o v e r  a  p e r i o d  o f  5  m in  w h i le  th e  a n th r a c e n e  w as k e p t  
a t  a  low  b o i l .  H e a t in g  w as c o n t in u e d  f o r  a n  a d d i t i o n a l  5 
m in . The b ro w n is h  m ass w as f i l t e r e d  w i th  t h e  a id  o f  b e n z e n e , 
and  th e  b e n z e n e  was rem oved  u s in g  a  r o t a r y  e v a p o r a to r .  The 
a n th r a c e n e  wa3 rem oved i n  a  h e a t e d  vacuum d e s i c c a t o r  b y  
s u b l im a t io n  a t  100° o v e r  a  p e r i o d  o f  t h r e e  d a y s . The 
r e m a in in g  b row n  pow der w as r e  c r y s t a l l i z e d  t h r e e  t im e s  from  
d ry  b e n ze n e  t o  g iv e  a p p ro x im a te ly  O.lj. g  o f  l i g h t  t a n  ( n e a r l y  
w h i te )  c r y s t a l s  f o r  a  y i e l d  o f  32# • The com plex  h a s  a  mp 
r a n g e  o f  2 7 3 -2 7 5 ° .
P r e p a r a t i o n  o f  C u (P lP )^ . —A t room te m p e r a tu re  a  
s o l u t i o n  o f  1 .0 6 7  g o f  HP1P (0 .0 0 8  m ol) i n  lj.0 ml o f  m e th a n o l 
w as ad d ed  d ro p w ise  o v e r  a  p e r i o d  o f  6 o r  7 m in  t o  a  s o l u t i o n  
o f  0 .7 9 9  g o f  c o p p e r ( l l )  a c e t a t e  m o n o h y d ra te  (0 • 00I4. m ol) i n  
^0  m l o f  80# a q u eo u s  m e th a n o l .  Upon a d d i t i o n  o f  th e  l i g a n d  
s o l u t i o n  a  p u r p l i s h - t a n  p r e c i p i t a t e  was fo rm e d . The r e a c t i o n  
m ix tu r e  was s t i r r e d  f o r  f i v e  m in u te s  a f t e r  t h e  l i g a n d  a d d i t i o n  
w as c o m p le te  a n d  w as f i l t e r e d .  To th e  f i l t r a t e  was a d d e d  15
Ill-
m l o f  0 .3  M sodium  c a r b o n a te ,  an d  an  a d d i t i o n a l  s m a ll  p o r t i o n  
o f  p r e c i p i t a t e  was c o l l e c t e d .  The d ry  com bined  w e ig h t  o f  th e  
p r e c i p i t a t e s  was 1 .2 5  g , f o r  a  y i e l d  o f  97$* The com plex  was 
r e c r y s t a l l i z e d  from  50  m l o f  1 ,2 - d i c h l o r o e t h a n e  t o  g iv e  f i n e  
l i g h t - p u r p l e  n e e d le s ,  h a v in g  a  mp ra n g e  o f  2 2 7 -2 2 8 ° .
P r e p a r a t i o n  o f  N3.(PIP) - -A t  room  te m p e r a tu re  a  
s o l u t i o n  o f  1 .5 6 0  g  o f  HP1P ( 0 .0 1 2  m ol) i n  J+O m l o f  95$ 
e th a n o l  w as ad d ed  d ro p w ise  o v e r  a  p e r i o d  o f  10 m in  w i th  
s t i r r i n g  t o  a  s o l u t i o n  o f  1 . J4.96 g  o f  n i c k e l ( I l )  a c e t a t e  
t e t r a h y d r a t e  (0 .0 0 6  m ol) i n  100 ml o f  75$ aq u o u s e th a n o l .
A f t e r  a  few  ml o f  l i g a n d  s o l u t i o n  h a d  b e e n  a d d e d , a n  o ra n g e  
p r e c i p i t a t e  a p p e a re d . The r e a c t i o n  m ix tu re  was s t i r r e d  f o r  
5  m in  a f t e r  c o m p le t io n  o f  th e  l ig a n d  a d d i t i o n  and  was f i l t e r e d .  
T w enty m l o f  0 . 3 H  a q u eo u s  sod ium  c a rb o n a te  w as added  t o  th e  
f i l t r a t e  an d  a  s m a ll  a d d i t i o n a l  am ount o f  o ra n g e  p r e c i p i t a t e  
was o b t a i n e d .  The com bined  p r e c i p i t a t e s  w ere  th o r o u g h ly  d r i e d  
an d  h a d  a  com bined  w e ig h t  o f  l .l j .6  g f o r  a  y i e l d  o f  75$ • The 
com plex  w as r e  c r y s t a l l i z e d  fro m  200 m l o f  1 , 2 - d i c h lo r o e  th a n e  
t o  g iv e  v e r y  f i n e  o ra n g e  c r y s t a l s  h a v in g  a  mp ra n g e  o f  30 9 - 
311° w i th  d e c o m p o s i t io n .  The com plex  i s  n e a r l y  i n s o l u b l e  i n  
m ost s o l v e n t s ,  e x h i b i t i n g  i t s  g r e a t e s t  s o l u b i l i t y  i n  c h l o r i n ­
a te d  s o l v e n t s .
P r e p a r a t i o n  o f  Z n tP y P K *—T h is  com plex  was p r e p a r e d
7b y  th e  m e th o d  o f  Emmert e t  a l .  The m ethod  c o n s i s t e d  o f  
a d d in g  1 g  o f  z in c  o x id e  i n  p o r t i o n s  t o  a  b o i l i n g  m ix tu r e  
o f  1 g  o f  HPyP l i g a n d  and  2 g  o f  n a p h th a le n e .  H e a t in g  w as
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c o n t in u e d  f o r  30 m in . A f t e r  d i s s o l v i n g  t h e  r e a c t i o n  p r o d u c t  
i n  b e n z e n e , th e  y e llo w -b ro w n  s o l u t i o n  w as f i l t e r e d ,  th e  
b e n ze n e  rem oved  b y  e v a p o r a t io n  a n d  th e  n a p h th a le n e  rem oved 
b y  s u b l im a t io n  i n  a  vacuum  d e s i c c a t o r  a t  6 0 ° .  The r e s id u e  
w as r e c r y s t a l l i z e d  tw ic e  fro m  b e n ze n e  to  g iv e  O.Jjij. g o f  
b r i g h t  y e l lo w  c r y s t a l s  f o r  a  y i e l d  o f  3 0 $ . The y e l lo w  
c r y s t a l s  h a v e  a  mp ra n g e  o f  2611. - 266° .
P r e p a r a t i o n  o f  C u (P yP )^ . —T h is  com plex  w as p r e p a r e d  
b y  th e  m eth o d  o f  Emmert e t  a l . ' The m ethod  c o n s i s t e d  o f  
a d d in g  a  c o ld  s o l u t i o n  o f  1 .1 5  g  o f  HPyP (0 .0 0 8  m ol) i n  25 
m l o f  95/£ e th a n o l  t o  a n  i c e - c o l d  s o l u t i o n  o f  am m oniacal 
c o p p e r ( I I )  s u l f a t e .  The c o p p e r  s o l u t i o n  w as p r e p a r e d  from
1 .0 9  g o f  c o p p e r ( I I )  s u l f a t e  p e n ta h y d r a te  (O.OOlflj. m ol) i n  
25 m l o f  w a te r  t o  w h ic h  15  M ammonia h a d  b e e n  a d d e d  u n t i l  
a  c l e a r  b lu e  s o l u t i o n  w as o b ta in e d .  Upon a d d i t i o n  o f  th e  
l i g a n d  s o l u t i o n ,  a  t h i c k  g r e e n  p r e c i p i t a t e  a p p e a re d .  The 
p r e c i p i t a t e  was c o l l e c t e d  an d  w ashed  w i th  a  c o ld  s o l u t i o n  
o f  200 m l o f  3 M ammonia t o  rem ove any  t r a c e s  o f  e x c e s s  
c o p p e r  s u l f a t e .  A f t e r  th o ro u g h  vacuum  d r y in g  th e  p r e c i p i t a t e  
w as d i s s o l v e d  i n  250  m l o f  h o t  h i g h  b o i l i n g  (9 5 -1 1 0 ° )  
p e tro le u m  e t h e r .  The d a rk  g r e e n  s o l u t i o n  w as f i l t e r e d  
w h i le  h o t  and  c o o le d  s lo w ly .  A f t e r  s e v e r a l  h o u r s ,  0 .8 7  g  
o f  d a rk  g r e e n  n e e d l e - l i k e  c r y s t a l s  w ere  o b ta in e d  f o r  a  
y i e l d  o f  62$ .  The m a t e r i a l  h a s  a  mp r a n g e  o f  H j.8 - l5 0 ° .
( L i t . 7 3 4 9 -1 5 1 ° ) .
P r e p a r a t i o n  o f  N i(P y P ) , , . —T h is  com plex  w as p r e p a r e d
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u s in g  a  v a r i a t i o n  o f  th e  m ethod  o f  Emmert e t  a l .  The 
p r e p a r a t i o n  c o n s i s t e d  o f  p l a c in g  1 g o f  HPyP l i g a n d  i n  a  
3/k. x  10 in c h  r e a c t i o n  tu b e  w i th  2 -3  g  o f  n a p h th a le n e  an d  
h e a t i n g  t o  a  low  b o i l .  H e a t in g  w as c o n tin u e d  f o r  20 m in  
w h ile  1  g  o f  th e  b a s i c  c a r b o n a te  o f  n i c k e l ( l l )  w as s lo w ly  
added  t o  th e  b o i l i n g  m ix tu r e .  A f t e r  d i s s o l v i n g  th e  r e a c t i o n  
p r o d u c t  i n  c h lo ro fo rm  th e  s o l u t i o n  w as f i l t e r e d ,  th e  
c h lo ro fo rm  rem oved  by  r o t a r y  e v a p o r a t io n  an d  th e  n a p h th a le n e  
rem oved  b y  s u b l im a t io n  i n  a  vacuum d e s i c c a t o r  a t  6 0 ° . The 
r e s i d u e  w as d i s s o l v e d  i n  150 m l o f  a  s o l u t i o n  o f  f o u r  p a r t s  
h ig h  b o i l i n g  (9 5 -1 1 5 ° )  p e tro le u m  e t h e r  and  f i v e  p a r t s  b e n z e n e . 
The s o l u t i o n  w as f i l t e r e d  w h i le  h o t  and  s lo w ly  c o o le d  w h ile  
b e n z e n e  wa3 vacuum  e v a p o r a te d  i n  a  d e s i c c a t o r .  From th e  
s o l u t i o n  0 .Q 2  g  o f  p r o d u c t  was c o l l e c t e d  a s  d a rk  p u r p l e -  
brow n f l a k e s  f o r  a  y i e l d  o f  7 0 $ . The c r y s t a l s  gave  a  mp 
ra n g e  o f  1 7 6 -1 7 6 ° .
P r e p a r a t i o n  o f  O o(P yF)^ . —T h is  compound was p r e p a r e d
7
by a  s l i g h t  v a r i a t i o n  o f  th e  m ethod  o f  Eram ert e t  a l .  The 
p ro c e d u re  was t h e  same a s  t h a t  d e s c r ib e d  f o r  N K P y P j^ . I n  
t h i s  c a s e  1 g  o f  t h e  b a s i c  c a rb o n a te  o f  c o b a l t ( I I )  and  1 g 
o f  HPyP w ere u s e d .  The r e a c t i o n  w as l e f t  e x p o se d  to  t h e  a i r .  
The com plex  w as r e c r y s t a l l i z e d  fro m  120 m l o f  b e n ze n e  t o  
w h ic h  50  m l o f  h ig h  b o i l i n g  (9 5 -1 1 0 ° )  p e tro le u m  e t h e r  h a d  
b e e n  a d d e d . From  th e  s o l u t i o n  0 .6 7  g  o f  a  c r y s t a l l i n e  
o ra n g e  pow der w as o b ta in e d ,  f o r  a  y i e l d  o f  6Q$. The com plex  
h a s  a  mp ra n g e  o f  3 7 3 -3 7 5 °•
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P r e p a r a t i o n  o f  F e (P y P )^ . —T h is  com plex  was p r e p a r e d
7
by t h e  m ethod  o f  Emmert e t  a l . ' u s i n g  1 g o f  f i n e  i r o n  pow der 
w i th  1 g o f  HPyP. O th e r  th a n  th e  m e ta l  s o u r c e ,  th e  p ro c e d u re  
was t h e  same a s  t h a t  f o r  N i(P y P )2 * The com plex  was r e c r y s t a l ­
l i z e d  from  f>0 m l o f  b e n z e n e  t o  w h ic h  150 m l o f  l o w - b o i l in g  
(3 0 -5 0 ° )  p e tro le u m  e t h e r  h a d  b e e n  a d d e d . I n  s o l u t i o n  th e  
com plex  i s  e x tr e m e ly  d a rk  r e d  an d  th e  d ry  c r y s t a l l i n e  p ro d u c t  
i s  l u s t r o u s  b l a c k  f l a k e s .  O b ta in e d  was 0 .2 2  g o f  m a t e r i a l  
f o r  a  y i e l d  o f  20$ . The com plex  h a s  a  mp ra n g e  o f  27l|--2750 .
P r e p a r a t i o n  o f  A d d u c ts  w i th  P y r i d i n e . --W hen th e  
c o p p e r  and  n i c k e l  co m p lex es w ere  d i s s o lv e d  i n  p y r i d i n e ,  a l l  
e x h i b i t e d  a  d i s t i n c t  c o l o r  c h a n g e . The c o p p e r  co m p lex es 
fo rm ed  g re e n  s o l u t i o n s  an d  th e  n i c k e l  co m p lex es gave  p a le  
y e l lo w  s o l u t i o n s .  The o t h e r  co m p lex es p r e p a r e d  showed no 
ch an g e  b y  b e in g  d i s s o l v e d  i n  p y r i d i n e .  The s o l i d  a d d u c ts  
o f  th e  c o p p e r  an d  n i c k e l  com plexes w ere  fo rm ed  b y  a l lo w in g  
f r e s h l y  g ro u n d  sa m p le s  t o  s ta n d  i n  a n  a tm o sp h e re  o f  p y r i d in e  
f o r  21}. h r .
F o r  C u (P lP ) 2» w h ic h  d o e s  n o t  fo rm  a n  a d d u c t i n  t h i s  
m an n e r, r e  c r y s t a l l i z a t i o n  from  p y r i d in e  w as a t t e m p te d .  From 
th e  d a r k  g r e e n  p y r id in e  s o l u t i o n  o n ly  th e  p u r p l i s h - t a n  
c r y s t a l s  o f  C u (P lP )2 c o u ld  be  o b t a i n e d .  The p y r i d i n e -  
C u (P lP )2 a d d u c t  w h ich  a p p e a r s  t o  e x i s t  i n  s o l u t i o n  h a s  n o t  
b e e n  p r e p a r e d  a s  a  s o l i d .  (S ee  T a b le  I I I . )
E le m e n ta l  A n a ly s e s . —N i t r o g e n  a n a ly s e s  w ere  p e rfo rm e d  
w i th  a  C olem an M odel 29 N i t r o g e n  A n a ly z e r .  O th e r  a n a ly s e s
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were performed by the Galbraith Microanalytical Laboratories
and at the University of New Hampshire with a F&M Model l6£
CHN Analyzer. (See Table I.)
Analysis of Pyridine Adducts. — In order to determine
the amount of pyridine added by the nickel and copper
complexes the change in weight of the complexes was measured.
Careful weighings were made before and after freshly ground
samples of the solid complexes were exposed to an atmosphere
of pyridine. The added pyridine was removed in a vacuum
desiccator at 4 0 ° and the original complexes were recovered.
Duplicate determinations were made for each complex.
Ultraviolet, Visible and Near-Infrared Spectra.--
In all cases the ultraviolet, visible and near-infrared
spectra were obtained at room temperature using a Cary 1 4
recording spectrophotometer. For the complexes "Fisher
Spectranalyzed Reagent" 1,2-dichioroethane was used as the
solvent, except for ZntPyPjg which decomposes in this
solvent. In this case reagent grade toluene was used as
_2the solvent. Solutions were made to approximately 10 M.
Dilutions for lower concentrations were made using a Gilmont
Model 7876 precision micrometer buret. The ultraviolet
region was generally run at approximately 5  x 10 ^ M in
matched 1-cm silica cells. The ligand field regions usually
-2required concentrations from 10 to 10 J M. In each case, 
concentrations were adjusted for duplicate runs so that 
bands appeared having an absorbance (A) of between 0.2 to
Table I
M e lt in g  p o i n t ,  M a g n e tic , and  A n a l y t i c a l  d a t a  o f  th e  C om plexes P re p a re d
C a lc u la t e d  % Pound %
Com plex* C o lo r* Mp Range*3 * e f f C C H N C H N
C u (P a ld )2 g r e e n 2 0 1 -2 0 3 1 .8 7 11-7.71 3 .2 0 1 1 .1 3 il-7.93 3 .2 3 1 1 .2 4
Co(P a i d ) 3 r e d 1 8 3 -1 8 5 o.l|4d 5 2 .8 0 3 .5 5 1 2 .3 2 5 2 .7 5 3 .5 2 1 2 .4 5
C o (A c tP )3 d a rk  r e d 2 0 0 -2 0 2 D i a .d 5 6 .4 0 4 -7 3 1 0 .9 6 56-4-2 4 -7 0 1 0 .8 6
Z n ( P lP )2 v .  I t .  b row n 2 7 3 -2 7 5 - 5 7 -9 3 5-4-7 1 6 .8 9 5 7 .8 1 5 -4 6 1 6 .8 9
Cu( P IP ) g p u r p l e - t a n 227 -228 1 .8 6 5 8 .2 5 5 .5 0 1 6 .9 8 5 8 .2 2 5 .3 7 1 6 .9 1
N i ( P lP ) 2 o ra n g e  r e d 3 0 9 -3 1 1 o .4 5 d 5 9 .1 2 5 .5 8 1 7 .2 k 5 9 .4 0 5 .5 3 1 7 .0 2
Z n (P y P )2 y e llo w 264-266 - 61.11.7 4 .0 1 1 5 .9 3 6 1 .8 5 3 .9 3 1 5 .7 1
C u(P yP )2 d a rk  g r e e n 3 4 9 -1 5 1 1 .8 5 6 1 .7 9 4 .0 3 1 6 .0 1 6 1 .5 9 4 .0 7 1 6 .2 4
N i(P y P )2 d k . re d -b ro w n 1 7 6 -1 7 8 0 .4 6 d 6 2 .6 6 4 -0 9 1 6 . 2k 6 2 .4 3 3 .9 9 1 6 .1 9
C0 (P y P )3 o ra n g e  r e d 3 7 3 -3 7 5 0 .5 6 d 6 6 .3 9 4*33 1 7 .2 1 6 6 .4 4 4 -3 0 1 7 .1 4
P e (P y P )3 v .  d k . p u r p l e 2 7 4 -2 7 5 2 .2 6 6 6 .8 1 4 -3 6 1 7 .3 1 6 7 .0 8 4 -5 8 1 7 .0 9
a .  A b b r e v ia t io n s :  P a i d ,  p y r r o l e - 2 - a ld e h y d e ;  P IP , 2 , 2 ’ - ( l 1 - p y r r o l i n y l ) p y r r o l e ;  PyP , 
2 - ( 2 - p y r i d y l ) p y r r o l e ;  v . ,  v e r y ;  I t . ,  l i g h t ;  d k . ,  d a r k .
b .  T Jn c o rre c te d ,°C
c .  A v e rag e  v a lu e  i n  BM m e a su re d  a t  room  te m p e r a tu r e  a t  5 .8  and  8 .6  k g a u s s
d .  D ia m a g n e tic  i n  d e u te r o c h lo r o f o r m  b y  n u c l e a r  m a g n e tic  r e s o n a n c e
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0.8 Due to the low solubility of Ni(PlP)2, 10-cm Beckman 
near-infrared silica cells had to be used for the ligand 
field region of this compound. The spectrum of each complex 
was examined up to 2000 mp and all complexes were examined 
in at least independent duplicate runs. (See Table II.)
For the pyridine adducts of the copper and nickel 
complexes the ultraviolet, visible and near-infrared spectra 
were recorded with the complexes dissolved in "Fisher 
Certified ACS" grade pyridine. As before, concentrations 
were adjusted on subsequent runs of each complex to bring 
the absorbance (A) of bands to between 0.2 and 0.8. The 
1-cm silica cells were used except for Ni(PlP)2 for which 
the 10-cm cells had to be used. The molar extinction 
coefficients e, having the units 1. mol"1 cm"1, reported 
are based on the amount of complex initially dissolved in 
the pyridine. The spectrum of each complex was examined 
up to 1300 mp. (See table III.)
Infrared Spectra.— All measurements were made at 
room temperature on a Beckman IR-12 infrared spectophoto- 
meter. The ligands and complexes were studied a3 solids 
in Nujol and halocarbon mulls. In the region 200 cm"1 
to 600 cm” polyethylene plates were used for the Nujol 
mull3. At higher frequency sodium chloride and cesium 
iodide plates were satisfactory. The instrument was 
calibrated against atmospheric water vapor and carbon 
dioxide in the single beam mode.
Table II
The U l t r a v i o l e t ,  V i s i b l e  an d  N e a r - I n f r a r e d  S p e c t r a  o f  th e  C om plexes P re p a re d 8-
Compounds L ig a n d  F i e l d ,  cm”^ ^ U l t r a v i o l e t , mp, (e  x  1 0 " ^ )13
H P ald 2 5 3 (0 .5 0 ) 2 8 7 (1 .7 1 )
C u (P a ld )2 1 5 ,8 7 0  (6 1 ) b r 2 5 4 (1 .2 6 ) 2 8 7 (3 -3 6 ) 3 2 8 (0 .4 4 6 )  s h
Co( P a id ) ^ 1 8 ,9 0 0  ( 1 2 8 ) 3 0 2 (1 .8 1 ) 3 4 6 (1 -9 5 )
HP IP 2 7 6 (0 .6 9 ) 3 2 2 (1 .7 0 )
Z n ( P lP )2 2 6 ,1 1 0  (1 3 ) 2 5 0 (0 .7 8 )  s h 3 0 5 (2 .7 3 )
C u (P lP )2 2 0 ,6 6 0  (1 7 9 ) 2 6 3 (1 -3 8 ) 3 2 0 (2 .2 3 ) 3 9 0 (0 .1 1 2 )  s h
N i ( P lP ) 2 2 1 ,0 5 0  (1 6 9 ) b r 3 0 4 (1 .9 0 ) 3 1 9 (0 .1 7 4 ) 3 9 1 ( 0 .4 4 6 ) s h  4 0 6 ( 0 .4 1 5 ) s h
HPyP 2 9 2 (1 .3 6 )  sh 3 1 2 (1 .6 4 )
Z n (P y P )2 3 2 5 (3 -3 2 ) 3 7 8 (1 .8 8 )
C u(PyP )2 1 8 ,2 5 0  (3 1 7 ) b r 2 9 2 (1 .8 5 )  s h 3 1 2 (2 .2 1 ) 2 7 6 (1 .1 8 )
N i(P y P )2 2 9 1 (2 .3 9 3 1 3 (2 .7 9 ) 3 6 8 ( .7 7 ) 3 9 3 ( .6 8 ) s h
C o(P yP )3 2 7 9 (1 .6 3 ) 3 2 2 (2 .9 6 ) 3 7 5 (2 .5 4 )
F e (P y P )- 1 5 ,6 2 5 -1 3 ,1 6 0  (4 1 5 ) 3 1 6 (3 -6 6 ) 3 6 1 (2 .4 7 ) 5 3 0 (0 .3 0 1 )
a .  A b b r e v ia t io n s :  P a id ,  p y r r o l e - 2 - a ld e h y d e ;  P IP , 2 ,2 * - ( l 1- p y r r o l i n y l ) p y r r o l e ;  
PyP , 2 - { 2 - p y r i d y l ) p y r r o l e ;  b r . ,  b r o a d ;  a h . ,  s h o u ld e r









C o lo r
( S o l id )
d a rk  g r e e n
p u r p l e -  
t a n
N i( P lP ) 2  1 .9 8  p a l e  b lu e
N itP y P jg  2 .5 k  y e l lo w
C o lo r
( S o lu t io n )
b l u e - g r e e n
y e l lo w -
g re e n
C u(PyP )2  1 .0 5  d a rk  g r e e n  b l u e - g r e e n
p a le
y e l lo w
y e llo w
L igand ., „ ^ U l t r a v i o l e t  (m n)0^ 1 
P ie ld T cm " ) 0 * -----------------------
16, 860( 71(..0)
1 5 ,7 2 0 (8 8 .1 )
1 8 ,8 0 0 (1 0 5 )  
3 4 ,9 7 0 (1 8 6 )  
1 3 ,1 8 0 (1 6 7 ) s h
1 7 ,9 5 0 (9 .2 1 ;)
1 0 ,2 6 0 ( l0 .l j .3 )
18 , 150(1 0 . 98)
1 1 .0 7 0 ( 9 4 0 )
3 2 8 (5 .9 2 x l0 3 )
3 2 8 (1 .9 3 x 1 0 ^ )  
3 9 2 (3 .8 7 x 1 0 5 )sh  
kk7(  1 .8 6 x 1 0  ) sh
320(2.3lpclo!|-) 
3 6 8 (1 .0 3 x 1 0 ^ )
3 20 ( 1 . 20x10^)
3l8(2 .9 lp ao{[)  





A b b r e v ia t io n s :  P a id ,  p y r r o l e - 2 - a ld e h y d e ;  P IP , 2 ,2 * - ( l 1- p y r r o l i n y l ) p y r r o l e ;
P yP , 2 - ( 2 - p y r id y l )  p y r r o l e
H o le s  o f  p y r i d in e  ad d ed  p e r  m ole  o f  s o l i d  com plex  
I n  p y r i d i n e  s o l u t i o n
M o la r  e x t i n c t i o n  c o e f f i c i e n t  , e ,  i n  p a r e n t h e s e s ,  a r e  i n  1 .  m o l'^ c m ”^ ;  s h . ,  s h o u ld e r
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P r o to n  R eso n an ce  M e a su re m e n ts . - - A l l  m e a su re m e n ts  
w ere  made a t  room  te m p e r a tu re  o n  a  V a r ia n  A-6 0  s p e c t r o ­
m e te r .  S o l u t i o n s  w ere  made w i th  d e u te r o c h lo r o f o r m , and  
t e t r a m e t h y l s i l a n e  was u s e d  a s  a n  i n t e r n a l  o r  e x t e r n a l  
s t a n d a r d .
The s p e c tru m  o f  N K P IP )^ , w h ich  h a s  a  s o l u b i l i t y  i n  
d e u te r o c h l o r o f  orm o f  l e s s  t h a n  Q,$%, w as o b ta in e d  u s in g  a  
V a r ia n  C-1021]. Time A v e ra g in g  C om puter c o u p le d  t o  th e  V a r ia n  
A -60  nmr S p e c t r o m e te r .  The r e g i o n  b e tw e e n  325 and  385  cp s 
was sw ep t s i x t y  t im e s  w h ic h  in c r e a s e d  th e  s i g n a l  t o  n o is e  
r a t i o  t o  a b o u t  5 i 1 fro m  an  o r i g i n a l  sp e c tru m  w here  no  s ig n a l  
c o u ld  be o b s e rv e d  w i th  a  s i n g l e  sw eep .
X - ra y  Pow der P h o to g r a p h s . —Pow der p a t t e r n s  w ere  ta k e n  
w i th  a  57>3 mm P h i l i p s  cam era  u s in g  c o p p e r  r a d i a t i o n .  The 
sa m p le s  w ere  m oun ted  i n  0 .3  mm g l a s s  c a p i l l a r i e s .  The X -ra y  
pow der f i l m  num bers a r e :  Z n (P y P )2 , 2091; C u (P yP )2 , 2093 ;
N i(P y P )2 , 2092 an d  2099; Z n ( P lP ) 2 , 2091].; C u (P lP )2 , 2 0 9 5 ; and 
N i ( P lP ) 2 » 2 0 96 .
M a g n e tic  M e a su re m e n ts . —M a g n e tic  m e a su re m e n ts  w ere 
p e rfo rm e d  a t  room  te m p e r a tu r e  b y  th e  Gouy m ethod  u s in g  
m e r c u r y ( I I )  t e t r a t h i o c y a n a t o c o b a l t a t e ( I I )  a s  a  s t a n d a r d .
The s o l i d - s t a t e  m e a su re m e n ts  w ere  p e rfo rm e d  a t  5*8  an d  8 .6  
k g a u s s .  The v a lu e s  r e p o r t e d  a r e  th e  a v e ra g e s  o f  th e  v a lu e s  
o b ta in e d  a t  e a c h  f i e l d  s t r e n g t h  and  a r e  i n  B o h r M agnetons 
(BM), w h ere  1 BM = 0 .9 2 7  x  10~20 e r g  g a u s s .
D e v ia t io n  o f  any  v a lu e  from  th e  a v e ra g e  v a lu e
2M-
r e p o r t e d  i n  no c a s e  e x c e e d s  ± 0 .0 5  BM. D ia m a g n e tic  
c o r r e c t i o n s ^ '* ^  w ere  a p p l i e d  t o  th e  com plexes i n  c a l c u l a t i n g  
th e  m a g n e tic  m om ents. (S ee  T a b le  1 f o r  d a t a  and  A p p en d ix  A 
f o r  m ethod  o f  c a l c u l a t i o n . )
T h e rm o g ra v im e tr ic  A n a l y s i s . —The th e m n o g ra v ira e tr ic  
a n a l y s i s  ( t g a )  o f  t h e  N i(P y P )2 - p y r i d in e  a d d u c t  w as done w i th  
a  D uPont M odel 900 D i f f e r e n t i a l  T herm al A n a ly z e r  c o u p le d  
w i th  a  M odel 950 T h e rm o g ra v im e tr ic  A n a ly z e r .  A sam ple  s i z e  
o f  1 0 .1 8  mg and  a  program m ed h e a t i n g  r a t e  o f  2 ° /m in  w ere  
u s e d .  A f a s t e r  h e a t i n g  r a t e  o f  5 ° /m in  f a i l e d  t o  p ro d u c e  a  
c u rv e  w i th  d i s t i n c t  c h a n g e s .
M o le c u la r  W eig h t D e te r m in a t io n . —The m o le c u la r  w e ig h t 
o f  N i(P y P )g  w as d e te rm in e d  i n  c h lo ro fo rm  u s in g  a  M e ch ro la b  
M odel 301A V apor P r e s s u r e  O sm om eter. The in s t r u m e n t  h a d  
p r e v i o u s ly  b e e n  c a l i b r a t e d  w i th  n a p h th a le n e  i n  c h lo ro fo rm . 
V a lu e s  o b ta in e d  a t  n o m in a l c o n c e n t r a t i o n s  o f  0 .0 1 5  &nd
0 .0 2 0  M a g r e e d  t o  w i t h i n  1$ o f  e a c h  o t h e r .
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RESULTS AND DISCUSSION
The Copper Complexes.— The copper complexes Cu(Pald)2,
Cu(PlP)2, and Cu(PyP)2 all have magnetic moments between
1 .8 5  and  I .8 7  BM. The s p i n - o n l y  moment f o r  one u n p a i r e d
electron is 1.73 BM. The copper(ll) complexes are d^ which
means that they have only one unpaired electron in the
ground state. The increased magnetic moment of copper
arises from what is known as 1 temperature independent
paramagnetism' or T.I.P.
T.I.P. is described in the quantum mechanical
derivation of paramagnetic atomic susceptibility, as
27developed by Figgis, in the following manner. If the 
difference in energy between the ground state level and 
the first excited state level is much greater than the 
thermal energy available (XT), then the excited levels 
cannot make a direct contribution to the susceptibility.
As a consequence the first order coefficient in the expression 
for the atomic susceptibility is zero and the first order 
Zeeman effect which is proportional to 1/T, the Curie law, 
is not observed. This has the effect of leaving an expression 
which is no longer temper attire dependent and contains only 
the second order coefficient, the higher than second order 
coefficients having been assumed to be zero in the initial
* Anion abbreviations: Paid, pyrrole-2-aldehyde: PIP,
2,2»-(1'-pyrrolinyl)pyrrole; PyP, 2-(2-pyridyl)- 
pyrrole.
derivation.
The remaining second order coefficient may be 
considered as a magnetic-field induced mixing of the 
ground and excited state levels* or second order Zeeman 
effect* which lowers the energy of the ground state. The 
higher state being mixed may be a singlet or multiplet and 
can have an orbital magnetic moment different from that of 
the ground state. The measured magnetic moment is corre­
spondingly increased or decreased with the extent of the 
interaction dependent on field strength and inversely 
proportional to the energy separation of the ground level 
and excited level. The effect is fairly common with ions 
of transition metal complexes and in addition to being 
designated as the second order Zeeman effect or temperature 
independent paramagnetism (T.I.P.) it has been called "Van 
Vleck high frequency paramagnetism." The effect is usually 
small compared to spin-only magnetic moments as in the 
present case with copper(II).
The u l t r a v i o l e t - v i s i b l e  s p e c t r a ,  i . e .  t h e  l ig a n d  
f i e l d  r e g io n ,  o f  th e  t h r e e  co m p lex es a r e  s i m i l a r  i n  t h a t  
t h e r e  i s  one b ro a d  band  i n  t h i s  r e g i o n .  T h is  a p p e a r s  a t  
1 5 ,8 7 0  cm "^ (m o la r e x t i n c t i o n  c o e f f i c i e n t ,  e , -  61) f o r  
C u (P a ld )  1 8 ,2 5 0  o a f 317)  f o r  C u (P y P )2 and 2 0 ,6 6 0  cm_1 (179) 
f o r  th e  C u (P lP )2 * I n  e a c h  c a s e  th e  b a n d  i s  q u i t e  b ro a d  an d  
te n d s  t o  b e  d i s t i n c t l y  a sy m m e tr ic ;  i t  i s  m o st p r o b a b ly  th e  
r e s u l t  o f  two o r  more b a n d s  o f  f a i r l y  c lo s e  e n e r g y .
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Assignment of the ligand field bands of copper(II) complexes 
has proved to be most difficult and usually impossible.1 ^ ,2 8  
Consequently, the range in the energies of the bands among 
the complexes is not an indication of ligand strength or 
value of 10 Dq, since the energies cannot be related to 
particular energy level transitions. However, the mere
existence of the bands is an indication that the copper
29complexes are probably not regular tetrahedra. Lever 
states that regular tetrahedral copper(II) is very uncommon 
due to the Jahn-Teller effect. Tetrahedral copper(II) 
complexes, if approximately regular, are expected to give 
a single broad band in the near-infared (e*10 ) and to have 
no absorbtion between 10,000 and 20,000 cm“ .̂ As distortion 
towards square planar increases, the bands in the near- 
infrared of tetrahedral copper(ll) are expected to move 
towards higher frequency, i.e., towards the previously 
transparent 10,000 to 20,000 cm”̂  region.
In an attempt to determine more exactly the geometry 
of the copper complexes, X-ray powder photographs were 
examined for isomorphism. The nickel complexes prepared 
can be shown to be square-planar, and the zinc complexes 
are presumed to be tetrahedral. If one of the copper 
complexes could be shown to be isomorphous to either the 
zinc or nickel complex of the same ligand, its geometry 
would then have been established with good certainty.
However, a lack of copper isomorphism with either the
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z in c  o r  n i c k e l  a n a lo g  d o e s  n o t  i n d i c a t e  t h a t  t h e  c o p p e r  
com plex  i s  o f  some d i f f e r e n t  g e o m e try , o n ly  t h a t  i t  i s  o f  
a  d i f f e r e n t  c r y s t a l  s t r u c t u r e .
I n  th e  tw o s e r i e s  Z n f P lP jg - C u tP lP jg - N i tP lP ) ^  an d  
Z n (P y P )2 ~Cu(PyP) 2 _N i(P yP ) 2 » th e  c o p p e r  X - ra y  pow der p h o to ­
g ra p h s  h a d  no s i m i l a r i t y  t o  e i t h e r  t h e i r  z in c  o r  n i c k e l  
a n a lo g s .  T hus i t  c o u ld  n o t  he  d e te rm in e d  w h e th e r  s q u a r e -  
p l a n a r  o r  t e t r a h e d r a l  g e o m e try  e x i s t s  i n  th e  s o l i d  s t a t e  
f o r  t h e s e  c o p p e r  c o m p le x e s . The q u e s t io n  o f  t h e i r  g e o m e try  
i s  l e f t  u n r e s o lv e d ,  s in c e  t h e  d e te r m in a t io n  w ou ld  r e q u i r e  
a  r a t h e r  e x te n s iv e  X -ra y  c r y s t a l l o g r a p h i c  s tu d y .
F o r  th e  above s tu d y  th e  z in c  co m p lex es Z n (P lP )2 
an d  Z n (P y P )2 w e re  p r e p a r e d  w i th o u t  g r e a t  d i f f i c u l t y .  The 
p r e p a r a t i o n  o f  Z n ( P a ld ) 2 h o w e v e r , w as a t te m p te d  many t im e s  
b y  s e v e r a l  d i f f e r e n t  m e th o d s  w i th o u t  e v e r  o b t a i n i n g  th e  
co m p lex . N i ( P a l d ) 2 a l s o  d e f i e d  p r e p a r a t i o n  e v e n  th o u g h  
a n  i n t e n s i v e  e f f o r t  w as made t o  o b t a i n  t h i s  com p lex . 
C o n s e q u e n tly  a n  X - ra y  pow der p h o to g ra p h  o f  C u (P a ld )2 w as 
n o t  t a k e n  s in c e  t h e r e  a r e  no a n a lo g s  w i th  w h ic h  t o  make a  
c o m p a r is o n .
P y r id in e  a d d u c ts  o f  c o p p e r  co m p lex es a r e  q u i t e  
common. F r e q u e n t ly  c o p p e r ( I I )  co m p lex es w i l l  fo rm  one t o  
one a d d u c t s ,  some o f  w h ic h  h a v e  b e e n  shown t o  b e  s q u a r e -  
p y r a m id a l .  Two t o  one c o m p le x e s , w h ic h  a r e  d i s t o r t e d  
o c ta h e d r a ,  a r e  n o t  uncommon. O c c a s io n a l ly ,  a d d u c t  f o r m a t io n  
h a s  b e e n  u s e d  a s  e v id e n c e  f o r  d e te r m in in g  th e  g e o m e try  o f
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the starting complex involved, but other evidence must be
20present since adduct behavior is far from conclusive.
For the three copper complexes prepared, three 
different classes of solid adduct formation are observed. 
Cu(Pald)2 adds two moles of pyridine per mole of complex 
giving dark green crystals. Cu(PyP)2 coordinates just one 
mole of pyridine per mole of complex, and Cu(PlP)2 does 
not form a solid adduct at all. These results tempt one 
to speculate that perhaps Cu(Pald)2 is either less sterically 
hindered or is closer to being truly square-planar than 
Cu(PyP)2 and Cu(PlP)2, thus allowing it to take up more 
pyridine per molecule than the other complexes. While the 
steric hindrance conclusion can be supported to some degree 
with models, any conclusion as to the geometry must be 
foregone for lack of any other confirmatory evidence.
The interpretation of the ligand field spectra of 
copper(ll) adducts has received attention recently; however, 
the ordering of the excited d levels appears to still be an 
open question,^® Chakravorty and Kannan1^ have in their 
work with the electronic spectra of pyrrole-2-aldimine 
chelate copper(IX) complexes reviewed the case for copper
O g
d spectra. If a copper d7 complex is tetragonal (D)|Vl),
qthen three transitions are predicted for the one-hole d' 
configuration. However, if the bidentate ligands are not 
symmetrical then the symmetry becomes orthorhombic (D^) 
for the square-planar or distorted octrahedral complex.
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In the latter case the degeneracy is removed and four 
transitions would be expected. These transitions are 
seldom well resolved, the usual case being where only 
one broad asymmetric band is observed. In spite of
these difficulties, the spectra of pyridine adducts can
•ansometimes be partially interpreted.
For four coordinate copper complexes it is not 
possible to predict accurately the number of expected 
bands since the complex may be square-planar, tetrahedral, 
or distorted. If in solution, however, two moles of 
pyridine are bonded to form the six coordinate complex 
then either or symmetry may be assumed, depending 
on the nature of the ligand system. This allows the 
examination of a spectrum with the expectation of finding 
a certain number of transitions and asymmetric bands may 
then be resolved into gaussian components. However, the 
resolution may be difficult and not unique, and the results 
are not always unambiguous.
In the present case all the copper complexes form 
adducts when dissolved in pyridine, as evidenced by the 
change in the color and spectrum of each. Except for 
Cu(PyP)2, which has three distinct bands, the complexes 
show the usual single broad asymmetric band in the ligand 
field region.
Although the complexes distinctly form adducts in 
pyridine solution, these do not necessarily have the same
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p y r id in e  r a t i o  a s  th e  s o l i d  a d d u c ts  fo rm e d . T h is  i s  o b v io u s  
i n  th e  c a se  o f  C u (P lP )2 w h ich  fo rm s  no s o l i d  a d d u c t  a t  a l l ,  
b u t  ch an g e s  c o lo r  i n  p y r id in e  s o l u t i o n .  The d e te r m in a t io n  
o f  t h e  r e l a t i v e  s t a b i l i t y  c o n s t a n t s  f o r  th e  p y r i d in e  a d d u c ts  
o f  t h e  co m p lex es  w ou ld  d e te rm in e  th e  num ber o f  p y r i d i n e s  
c o o r d in a te d .  The s p e c t r a  o b t a in e d  c o u ld  th e n  be t r e a t e d  
by  th e  m e th o d s o f  P unch  and  O r to la n o .  T h e i r  t r e a tm e n t  
c o n s i s t s  o f  f i t t i n g  c u rv e s  by  t r i a l  and  e r r o r  t o  th e  
o b s e rv e d  s p e c t r a l  s h a p e s .  T h is  ty p e  o f  i n v e s t i g a t i o n  
w ou ld  be an  e x c e l l e n t  p ro b lem  f o r  an  in s t r u m e n t  s u c h  a s  
t h e  D uPont M °d e l 310 C urve R e s o lv e r .
F o r  a  s tu d y  s u c h  as t h e  a b o v e , t h e  C u(P yP )2 a d d u c t 
c o u ld  p ro v e  t o  be e s p e c i a l l y  v a lu a b le  s i n c e  e v e n  w i th o u t  
c u rv e  f i t t i n g  t e c h n iq u e s  t h r e e  b a n d s  c a n  b e  d i s t i n g u i s h e d ,  
i n  c o n t r a s t  t o  th e  u s u a l  c a se  w here  o n ly  one a sy m m e tr ic  
p e a k  i s  o b s e rv e d .  I t  w ould n o t  b e  im p ro b a b le  t h a t  s u c h  
e f f o r t s  w i th  th e s e  co m p lex es c o u ld  h e lp  s i g n i f i c a n t l y  i n  
t h e  a s s ig n m e n t  o f  c o p p e r ( I I )  l i g a n d  f i e l d  s p e c t r a .  B ecau se  
o f  t h e  c o m p le x ity  o f  c o p p e r ( I I ) ,  much w ork  re m a in s  t o  be 
done i n  i n t e r p r e t i n g  i t s  s p e c t r a .
The N ic k e l  C om plexes. — Two n i c k e l  com plexes w ere 
p r e p a r e d  a n d  s t u d i e d ,  N i{ P lP )2  a n d  N i(P y P )2 . As p r e v io u s ly  
m e n tio n e d , t h e  t h i r d  com plex , N i( P a ld ) g  d e f i e d  s u c c e s s f u l  
p r e p a r a t i o n  d e s p i t e  a n  i n t e n s i v e  e f f o r t .  A tte m p ts  u s in g  
a l l  th e  p r o c e d u r e s  fo u n d  s u c c e s s f u l  f o r  t h e  o t h e r  c o m p lex e s , 
w h ic h  a r e  d e s c r ib e d  i n  th e  e x p e r im e n ta l  s e c t i o n ,  w ere  made
f o r  th e  n i c k e l - P a i d  sy s te m . A d d i t i o n a l l y  a  num ber o f  o t h e r  
m e th o d s o f  com plex  f o r m a t io n  v h ic h  hav e  b e e n  r e p o r t e d  i n  
t h e  l i t e r a t u r e  w ere  t r i e d .  I n  no c a s e  d i d  an y  o f  th e  
e f f o r t s  m ee t w i th  s u c c e s s .  L o g ic  w ould  seem  to  d i c t a t e  
t h a t  th e  n i c k e l ( I I )  com plex  c a n  be  p r e p a r e d  s in c e  t h e  c o p p e r  
a n a lo g  c a n  b e  p r e p a r e d  w i th  l i t t l e  d i f f i c u l t y .  L o g ic  n o t  
w i th s t a n d in g ,  N l tP a ld ) ^  h a s  n o t  y e t  b e e n  p r e p a r e d .
The n i c k e l  co m p lex es h a v e  s o l i d  s t a t e  m a g n e tic  
m om ents o f  0 .k £  t o  O.lj.6 BM i n d i c a t i n g  t h a t  th e y  a r e  
d ia m a g n e t ic .  P r o to n  r e s o n a n c e  m e a su re m e n ts  show c o n c lu s iv e ly  
t h a t  th e  co m p lex es a r e  a l s o  d ia m a g n e t ic  i n  d e u te r o c h lo r o f  orm 
s o l u t i o n  s i n c e  th e  c o n ta c t  s h i f t s  e x p e c te d  f o r  p a ra m a g n e tic  
n i c k e l ( l l )  a r e  a b s e n t . ^  The f a c t  t h a t  t h e  d® n i c k e l
co m p lex es a r e  d ia m a g n e tic  i n d i c a t e s  t h a t  th e  co m p lex es  a r e
31s q u a r e - p l a n a r .  O th e r  n i c k e l ( I I )  g e o m e tr ie s  do n o t  r e s u l t
i n  d ia m a g n e t ic  c o m p le x e s .
S q u a r e - p la n a r  n i c k e l ( I I )  co m p lex es c a n  be  e x p e c te d
t o  show a b s o r p t io n  i n  th e  r e g i o n  o f  2 0 ,0 0 0  t o  2 2 ,0 0 0  cm- ^
due to  t h e  ^A- -► ^A_ t r a n s i t i o n .  O th e r  t r a n s i t i o n s
IS  2g
a p p e a r  a t  h i g h e r  e n e r g i e s . T h e  v a l i d i t y  o f  t h i s  
a s s ig n m e n t i s  n o t ,  h o w e v e r, a c c e p te d  b y  a l l  a u th o r s .  L ever-'- ' 
f e e l s  t h a t  i t  i s  n o t  p o s s i b l e  t o  make d e f i n i t e  a s s ig n m e n ts  
f o r  s q u a r e - p l a n a r  n i c k e l ( I I )  co m p lex es s in c e  a  s y s te m a t ic  
i n t e r p r e t a t i o n  o f  th e  s p e c t r a  i s  n o t  f e a s i b l e .  N e v e r th e l e s s ,  
s u c h  a n  a s s ig n m e n t i s  a  f a i r l y  common p r a c t i c e ,  a c c e p te d  by  
m any , and  w i l l  b e  u s e d  h e r e .
The N i ( P lP ) 2 com plex  h a s  a  f a i r l y  b ro a d  ban d  a t  
21,0f?0 cm (1 6 9 ) t h a t  a p p e a r s  a s  a  s h o u ld e r  o n  th e  s id e  
o f  th e  f a r  m ore i n t e n s e  c h a rg e  t r a n s f e r  b a n d s ,  w h ic h  h av e  
m axim a a t  2lj.,630 cm"1 an d  h i g h e r  e n e r g i e s .  The 2 1 ,0 5 0  
era” 1 band  i s  a s s ig n e d  a s  th e  ^A2g t r a n s i ‘b:i-o n *
The f r e q u e n c y  an d  m o la r  e x t i n c t i o n  c o e f f i c i e n t  a r e  i n  good 
a g re e m e n t w i th  p r e v io u s  s t u d i e s  o f  n e u t r a l  s q u a r e - p l a n a r  
n i c k e l ( I I )  c o m p l e x e s ; 19*33*3^*36 jloweveJ?j th e  a s s ig n m e n t 
i s  a t  o dds w i th  e a r l i e r  w o rk .1^ * ^
I n  th e  u l t r a v i o l e t - v i s i b l e  sp e c tru m  o f  N i(P y P )2 
t h e r e  i s  o b s e rv e d  no s p e c t r a l  b a n d  t h a t  c a n  be  a t t r i b u t e d  
t o  d  -► d t r a n s i t i o n s .  T h is  i s  a lm o s t  c e r t a i n l y  due t o  th e  
f a c t  t h a t  t h e  low  e n e rg y  t a i l  o f  t h e  c h a rg e  t r a n s f e r  b an d s 
a t  2 5 ^ 5 0  cm"3' and  27*170 cm"1 i s  s t i l l  q u i t e  i n te n s e  
th ro u g h o u t  t h e  v i s i b l e  r a n g e .  F o r  i n s t a n c e ,  a t  1 6 ,5 0 0  cm-1
t h e  m o la r  e x t i n c t i o n  c o e f f i c i e n t ,  e ,  i s  g r e a t e r  th a n  200 .
1 1T h is  i s  w e l l  beyon d  th e  a r e a  w here  th e  A ^  A^g t r a n s i t i o n  
f o r  a  s q u a r e - p l a n a r  n i c k e l ( I I )  com plex  i s  e x p e c te d  t o  o c c u r .
G ray  an d  B a l lh a u s e n  h av e  a l s o  a s s ig n e d  l ig a n d - m e ta l  
c h a rg e  t r a n s f e r  b a n d s  f o r  t h e  s q u a r e - p l a n a r  n i c k e l ( I I )  com plex  
KgNifCN^) ‘H gO .^2 T h is  i s  n o t  a t te m p te d  f o r  th e  N i(P y P )2 o r  
N i ( P lP ) 2 c o m p lex e s  due t o  t h e  g r e a t e r  c o m p le x ity  o f  t h e i r  
s p e c t r a .
When b i v a l e n t  n i c k e l  i s  i n  a n  o c t a h e d r a l  o r  p s e u d o -  
o c t a h e d r a l  c o n f i g u r a t i o n ,  t h r e e  s p in - a l lo w e d  t r a n s i t i o n s  
fro m  th e  ^Agg g ro u n d  te rm  t o  th e  t h r e e  e x c i t e d  t r i p l e t  te rm s
311-
are expected. They are Â 2g ^2g from 7>000 to 
13,000 cm"1, 3A2g 3Tig(p) from 11,000 to 20,000 cm-1, 
and -̂ Agg '*Tlg(I)) from 19,000 to 27,000 cm’1.30 All 
three transitions typically have low molar extinction 
coefficients (ca. e * 2-20). The last transition occurs 
where charge transfer bands are usually intense and 
consequently, in a ligand system where charge transfer 
absorption is present, the 3A ^  transition
usually will not be observed. The ^2g tpansition
is also equal to 10 Dq.
The advantages of the octahedral system were 
utilized by dissolving the nickel complexes in pyridine.
Hie resulting pale yellow solutions can be assumed to be 
caused by the pseudo-octahedral system of the original 
square-planar complex coordinating two pyridines. This 
assumption is supported by the ligand field spectra of 
the complexes. Each complex has only two low-intensity 
bands beyond the ultraviolet region charge transfer bands. 
Hi(PyP)2 in pyridine has broad bands at 11,070 cm”1 (9 .4 0 ) 
and l8,l£0 cm”1(10.98) while Ni(PlP)2 has broad bands at 
10,260 cm-1(9.2lf) and 17,9^0 cnT^lO.ltf). The lower 
frequency bands are assigned as ^Agg -*• ^2g* 81X1(1 the 
higher frequency bands are assigned as ^A2g ^ j g ^  '
In neither case are the bands observed to be split, which 
is not unusual for symmetries that are less than octahedral,
i.e., 0̂ . Cases that are tetragonal (DJ]V|) or orthohombic
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(Dgji) u s u a l l y  show s p l i t t i n g  o n ly  o f  th e  A g^ •>
^T gg(F) b a n d , w h ic h  h e r e  i s  o b s c u re d  by  th e  p r e s e n c e  
o f  i n t e n s e  c h a rg e  t r a n s f e r  b a n d s . T h is  p r e c lu d e s  th e  
c a l c u l a t i o n  o f  i n - p la n e  an d  o u t - o f - p l a n e  v a lu e s  o f  Dqf 
w h ic h  w ould  b e  p o s s i b l e  i f  th e  s p l i t  b and  c o u ld  be 
o b s e rv e d .* "
As w as p r e v io u s ly  m e n tio n e d , th e  ^Agg -► ^ 2 g  
t r a n s i t i o n  i s  e q u a l  t o  10 Dq. C o n s e q u e n tly ,  Dq f o r  
N i(P y P )g  i n  p y r i d in e  i s  e q u a l  t o  1107  cm”1 , and  f o r  
N i( P lP )g  i n  p y r i d in e  Dq i s  e q u a l  t o  1026 cm"1 . T h is  
v a lu e  i s  f o r  a n  o c ta h e d r a l  n i c k e l ( I l )  com p lex , w h ich  th e  
n i c k e l  co m p lex es i n  s o l u t i o n  a p p ro x im a te .  U s in g  th e  r u l e  
o f  'a v e r a g e  e n v iro n m e n t ' a s  d e v e lo p e d  b y  F i g g i s , ^  th e  
v a lu e  o f  Dq o f  t h e  l i g a n d s  may be fo u n d . The r u l e  s t a t e s  
t h a t  f o r  a  s e t  o f  m ixed  l i g a n d s  th e  v a lu e  o f  Dq i s  th e  
r e s u l t  o f  th e  w e ig h te d  a v e ra g e  o f  th e  v a lu e  o f  Dq a s s o c i ­
a t e d  w i th  e a c h  o f  th e  c o m p le te  s e t s  o f  l i g a n d s  s e p a r a t e l y .  
A ssum ing  t h a t  t h e  e x p e r im e n ta l  v a lu e  o f  Dq i s  due t o  th e  
s q u a r e - p l a n a r  com p lexes w i th  two m o le c u le s  o f  p y r i d in e  
c o o r d in a te d ,  a  Dq v a lu e  f o r  th e  PyP an d  P IP  l i g a n d s  c a n  
be c a l c u l a t e d .  W ith  t h e  e x p e r im e n ta l  v a lu e  o f  Dq e q u a l  
t o  1 ,0 0 0  cm”1 fo u n d  b y  R ow ley and  D rago^1  f o r  p y r id in e  
i n  th e  com plex  N i ( P y r i d i n e ) ^ ++, th e  v a lu e  o f  Dq f o r  th e  
PyP l i g a n d  i s  e q u a l  t o  1160 cm”1 , and  f o r  P IP  Dq i s  e q u a l  
t o  1039 cm”1 . S t r i c t l y  s p e a k in g , t h e s e  v a lu e s  o f  Dq a r e  
f o r  s i x  c o o r d in a te d  n l c k e l ( I I )  c o m p lex e s .
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The R acah  p a r a m e te r ,  5 ,  a l s o  c a l l e d  t h e  i n t e r e l e c -
t r o n i c  r e p u l s i o n  p a ra m e te r ,  i s  o f t e n  o f  t h e o r e t i c a l  i n t e r e s t .  
F o r  o c t a h e d r a l  n i c k e l ( I I )  i t  i s  fo u n d  fro m  th e  r e l a t i o n :
The p r o p o r t i o n a l i t y  may b e  i n t e r p r e t e d  from  th e  T a n a b e -
th e  n i c k e l  co m p lex es l e d  t o  u n r e a l i s t i c  v a lu e s  t h a t  w ere  
g r e a t e r  t h a n  th e  v a lu e  o f  Dq. T h is  r e s u l t  i s  m o st l i k e l y  
due  t o  t h e  f a c t  t h a t  a  s m a ll  ch an g e  i n  th e  r a t i o  o f  th e  two 
b a n d s  p ro d u c e s  a  l a r g e  change i n  D q/B . T h is  i s  c o u p le d  w i th  
one o r  m ore o f  th e  f o l lo w in g  a p p ro x im a t io n s .  F i r s t ,  th e  
a s s ig n m e n t o f  th e  e n e rg y  o f  t h e  s p e c t r a l  b a n d s  i s  l e s s  e x a c t  
t h a n  w ou ld  be d e s i r a b l e .  The b a n d s  a r e  q u i t e  b ro a d  an d  o f  
low  i n t e n s i t y  so  t h a t  t h e  a s s ig n m e n t c o u ld  p e rh a p s  b e  i n  
e r r o r  b y  a3 m uch a s  300 cm . A ls o  th e  lo w e r  f r e q u e n c y  ban d  
i s  th e  b r o a d e r  o f  th e  b a n d s  i n  b o th  c a s e s ,  g iv in g  r i s e  t o  a  
l i k e  u n c e r t a i n t y  f o r  Dq. S e c o n d ly , i n  th e  p r e s e n t  c a s e  we 
a r e  d e a l in g  w i th  a  m ix ed  l i g a n d  sy s te m , one i n  w h ic h  th e  
g e o m e try  i s  l e s s  th a n  o c t a h e d r a l .  E ven  a  f a i r l y  s m a ll  
d i f f e r e n c e  i n  th e  e s t im a te d  e n e r g y  o f  one b a n d  w ould  r e s u l t  
i n  c o n s id e r a b le  e r r o r  i n  th e  c a l c u l a t i o n  o f  B .
S ugano  d ia g ra m * ^  o r  fo u n d  d i r e c t l y  from  t a b l e s  w h ic h  have  
b e e n  p r e p a r e d .
The a t t e m p t  t o  f i n d  B f o r  th e  p y r i d in e  a d d u c ts  o f
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I n  an  a tm o sp h e re  o f  p y r i d i n e ,  th e  n i c k e l  com p lexes 
fo rm  s o l i d  a d d u c ts .  The N i ( P lP ) 2 r e v e r s i b l y  c o o r d in a te s  
tw o m o le c u le s  o f  p y r id in e  t o  fo rm  th e  2 :1  com plex  t h a t  i s  
e x p e c te d .  N I(P y P )2 a p p e a r s  to  r e v e r s i b l y  c o o r d in a te  2 .5  
m o le c u le s  o f  p y r i d i n e .  A g a in , a  2 :1  com plex  w as e x p e c te d ,  
a n d  th e  a d d i t i o n  o f  a n  e x t r a  h a l f  m ole o f  p y r i d i n e  i s  
d i f f i c u l t  t o  i n t e r p r e t .  The s o l u t i o n  w ork  d e s c r ib e d  above 
m akes c l e a r  t h a t  when N i(P y P )2 i s  d i s s o lv e d  i n  p y r id in e  a  
s i x  c o o r d in a te d  n i c k e l ( I I )  com plex  i s  o b s e rv e d .
There are at least three ways in which an extra one- 
half mole of pyridine might be absorbed. The first is that 
the nickel in some way actually manages to coordinate and 
hold more than two moles of pyridine, giving Ni(PyP) 2(Py) 2 
Secondly, the extra pyridine could be pyridine of crystal­
lization and not camplexed, but held in the crystal structure 
giving [Ni{PyP)2(Py)2J‘̂ sPy. Or the pyridine might be 
reacting with the ligand to form some new organic compound. 
This latter possibility is rejected on the basis that all 
the pyridine is held reversibly and when removed in a vacuum 
desiccator leaves the original Ni(PyP)2 complex unaltered.
In an attempt to distinguish between the first two 
possibilities, the infrared spectrum of the adduct was 
examined. Pyridine has bands near ij.00 and 600 cm”̂  that are 
shifted upon complexation.^ Examination of the spectrum 
showed that complexed pyridine is definitely present, while 
it is uncertain as to whether uncomplexed pyridine is present
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o r  n o t .  The u n c e r t a i n t y  a r i s e s  f ro m  th e  f a c t  t h a t  th e  
sp e c tru m  i n  t h i s  r e g io n  i s  v e ry  com plex  due t o  th e  l i g a n d ,  
h a l f  o f  w h ich  i s  th e  p y r id in e  m o le c u le .  The i n f r a r e d  c a n  
o n ly  be r e g a r d e d  a s  i n c o n c lu s iv e .
To f u r t h e r  c h a r a c t e r i z e  th e  u n u s u a l  a d d u c t ,  a  
th e r m o g r a v im e t r ic  a n a l y s i s  ( tg a )  w as r u n  (S e e  T a b le  IV an d  
F ig u r e  I I ) . From  th e  r e s u l t s  i t  a p p e a rs  t h a t  one m ole o f  
p y r i d in e  i s  l o s t ,  th e n  a  seco n d  m o le , and  l a s t l y  j u s t  p r i o r  
t o  m e l t in g ,  t h e  h a l f  m ole  o f  p y r i d in e  i s  l o s t .  T h is  i s  
c o n t r a r y  t o  w h a t w ould h a v e  b e e n  e x p e c te d  f o r  p y r id in e  o f  
c r y s t a l l i z a t i o n .  Thus i t  may be c o n c lu d e d  fro m  t h i s  d a t a  
t h a t  th e  p e c u l i a r  e x t r a  h a l f  m ole o f  p y r id in e  i s  more th a n  
p y r i d i n e  o f  c r y s t a l l i z a t i o n  and  i s  h e l d  by  th e  n i c k e l ( I I )  
i n  some f a s h i o n .
As a n  a d d i t i o n a l  p i e c e  o f  i n f o r m a t io n ,  a  m o le c u la r  
w e ig h t  d e te r m in a t io n  o f  th e  a d d u c t  w ou ld  be o f  i n t e r e s t .
F o r  a  s o l u t i o n  m ethod  t h i s  w ould h a v e  to  be c a r r i e d  o u t  i n  
p y r i d i n e  s i n c e ,  i f  th e  s o l i d  a d d u c t  i s  d i s s o l v e d  i n  an y  
o t h e r  s o l v e n t ,  t h e  c o lo r  o f  th e  o r i g i n a l  com plex  i s  o b ta in e d  
u n l e s s  e x c e s s  p y r id in e  i s  a d d e d . A m o le c u la r  w e ig h t i n  
p y r i d i n e  c o u ld  n o t  be  o b ta in e d .  H ow ever, a  m o le c u la r  w e ig h t  
o f  t h e  o r i g i n a l  N i(P y P )2 com plex  wa3 o b ta in e d  I n  c h lo ro fo rm . 
T h is  w as s o u g h t  m a in ly  t o  d e te rm in e  i f  th e  o r i g i n a l  com plex  
was a  p o ly m e r o r  a  m onom er. A v a lu e  o f  290 w as fo u n d , 
com pared  t o  th e  c a l c u l a t e d  v a lu e  o f  32j£>. I t  i s  c o n c lu d e d  
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T e m p e ra tu re , °C 
Tga C urve o f  th e  S o l i d  N i(P y P )2 - P y r id in e  A d d u c t8,
T a b le  IV
Tga D a ta  f o r  th e  S o l i d  N i( P y P ) g -P y r id in e  A d d u c t8,
T em p e ra tu re  
R an g e( C)
W eigh t 
l o s s  (mg)
% W eig h t 
l o s s
H o le s  o f  
P y r i d i n e
80 -  118 1 .6 2 1 5 .9 1 .1 0
118  -  160 1 .5 4 1 5 -0 1 .0 3
160 -  179 0 .4 9 4 .8 0 .3 3
T o ta l  2 .4 6
a .  A n io n  a b b r e v i a t i o n ;  P yP , 2 - ( 2 - p y r id y l )  p y r r o l e
b .  B ased  on  a  p y r i d in e  t o  com plex  r a t i o  o f  2 .5 :1
ko
d i f f e r e n c e  b e tw e e n  th e  c a l c u l a t e d  and  fo u n d  v a lu e s .  I t  
m u st a g a in  be  e m p h a s ize d  t h a t  th e  b e h a v io r  i n  s o l u t i o n  i s  
n o t  n e c e s s a r i l y  th e  same a s  th e  b e h a v io r  o b s e rv e d  f o r  t h e  
s o l i d .  O b v io u s ly , th e  c r y s t a l  s t r u c t u r e  o f  t h e  N i(P y P )2 -  
p y r i d in e  a d d u c t  w ould  be  o f  c o n s id e r a b le  i n t e r e s t ,  b u t  i s  
b e y o n d  th e  sc o p e  o f  th e  p r e s e n t  i n v e s t i g a t i o n .
The C o b a lt  C o m p lex es. —The c o b a l t ( I I I )  co m p lex es 
C o (P a ld )^  and  C o(PyP )^  w ere  p r e p a r e d  and  s t u d i e d .  As a  
s t a r t i n g  m a t e r i a l  f o r  t h e i r  p r e p a r a t i o n  a  d i v a l e n t  c o b a l t  
s o u rc e  w as o x id iz e d ,  r e s u l t i n g  i n  th e  f o r m a t io n  o f  th e  
c o b a l t ( I I I )  co m p lex . The r e q u i r e m e n t  t h a t  th e  m e ta l  m u st 
be  o x id iz e d ,  an d  th e  f a c t  t h a t  c o b a l t ( l l l )  r e a c t s  s lo w ly ,  
n e c e s s i t a t e s  l o n g e r  r e a c t i o n  t im e s  th a n  n e ed e d  f o r  th e  
p r e v i o u s ly  d e s c r ib e d  c o m p le x e s .
The p r e p a r a t i o n  o f  th e  c o b a l t ( l l )  co m p lex es w as
a t te m p te d  b y  p r o t e c t i n g  th e  r e a c t i o n  fro m  a i r  w i th  a n
a tm o sp h e re  o f  n i t r o g e n .  T h ese  e f f o r t s  s t i l l  y i e l d e d  o n ly
th e  c o b a l t ( I I I )  p r o d u c t .  T h is  r e s u l t  may h av e  b e e n  due  t o
t r a c e s  o f  ox y g en  i n  th e  r e a c t i o n ,  o r  m ore l i k e l y  t o  t h e
r e d u c t i o n  o f  some o f  th e  h y d ro g e n  io n  t h a t  i s  r e l e a s e d  from
th e  p y r r o l e  w hen i t  becom es a n io n i c .  The r e d u c t io n  o f
h y d ro g e n  io n  a n d  th e  r e l e a s e  o f  h y d ro g e n  g a s  b y  th e  o x i d a t i o n
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o f  a  m e ta l  h a s  b e e n  o b s e rv e d  f o r  s i m i l a r  r e a c t i o n s .
A num ber o f  a t t e m p t s  t o  p r e p a r e  th e  C o (P IP )^  com plex  
w ere  m ade. A v a r i e t y  o f  p r o d u c ts  w ere  o b ta in e d  and  a n a ly z e d .  
The a n a l y t i c a l  r e s u l t s  u s u a l l y  f e l l  b e tw e e n  th e  c a l c u l a t e d
p e r c e n ta g e s  f o r  C o lP lP jg  and  G o(PX P)^. R e p e a te d  r e c r y s t a l ­
l i z a t i o n s  fro m  a  w ide v a r i e t y  o f  s o l v e n t s  d id  n o t  y i e l d  any  
p r o d u c t  w hose a n a l y s i s  w as s a t i s f a c t o r y  f o r  e i t h e r  o x i d a t i o n  
s t a t e .  The a n a l y t i c a l  r e s u l t s  seem ed t o  i n d i c a t e  a  m ix tu r e  
o f  th e  c o b a l t ( I I )  and c o b a l t ( I I I )  c o m p lex es; h o w ev er, u l t r a -  
v i o l e t - v i s i b l e  s p e c t r a  d i d  n o t  c o n f i rm  th e  p r e s e n c e  o f  
c o b a l t ( X I ) ,  and  i n d i c a t e d  o n ly  t h a t  a  c o b a l t ( I I I )  com plex  
w as p r e s e n t
One o t h e r  p o s s i b i l i t y  i s  t h a t  a  p o ly m e r ic  p r o d u c t  
w as fo rm e d . T h is  c o u ld  w e l l  a c c o u n t  f o r  th e  f a c t  t h a t  w h ile  
h a n d l in g  v a r i o u s  r e a c t i o n  p r o d u c t s  i n  s o l u t i o n  and w h i le  
a t t e m p t in g  r e c r y s t a l l i z a t i o n s ,  f r a c t i o n s  w ere  o b ta in e d  w h ich  
c o u ld  n o t  b e  r e d i s s o l v e d .  T h ese  f r a c t i o n s  d i d  n o t ,  h o w e v e r, 
h a v e  c o n s i s t e n t  a n a l y s e s .  A tte m p ts  t o  a id  t h e  o x i d a t i o n  o f  
c o b a l t ( I I )  t o  c o b a l t ( I I I )  w i th  h y d ro g e n  p e ro x id e  o r  o t h e r  
o x id a n t s  w ere  t o t a l l y  u n s u c c e s s f u l .  I n  s p i t e  o f  many 
u n s u c c e s s f u l  e f f o r t s ,  t h e  p r e p a r a t i o n  o f  C o (P lP )^  s h o u ld  be  
p o s s i b l e .
C om plexes o f  c o b a l t ( I I I )  a r e  e x p e c te d  t o  be d ia m a g n e tic  
h a v in g  m a g n e tic  moments o f  a b o u t 0 .5  BH. The f a i r l y  l a r g e  
moment i s  p r i n c i p a l l y  d u e  t o  t h e  se co n d  o r d e r  Zeeman e f f e c t  
w i th  h i g h e r  l i g a n d  f i e l d  te rm s  w h ic h  c a u s e s  te m p e ra tu re  
in d e p e n d e n t  p a ra m a g n e tism  ( T . I . P . ) . ^  T h is  i s  th e  same 
e f f e c t  t h a t  i n c r e a s e s  t h e  m a g n e tic  moment o f  th e  c o p p e r ( I I )  
co m p lex es ab o v e  th e  s p i n - o n l y  v a lu e  an d  w as re v ie w e d  i n  th e  
d i s c u s s i o n  o f  th e  c o p p e r  c o m p le x e s . The moment o f  Co (P a id )  ^
i s  O.lilj. BM; f o r  C o(PyP )^  th e  moment i s  0.f>6 BM. No 
s i g n i f i c a n c e  c a n  be a t t a c h e d  t o  th e  s m a ll  d i f f e r e n c e  i n  
m a g n e tic  m om ents o f  t h e  two c o m p le x e s .
O c ta h e d r a l ,  0 ^ , c o b a l t ( I I I )  com plexes h a v e  a  l i g a n d
-1f i e l d  sp e c tru m  c o n s i s t i n g  o f  two b a n d s .  A t a b o u t  2 0 ,0 0 0  cm *
t h e r e  i s  a  b a n d  a s s ig n e d  t o  th e  *A- -*• t r a n s i t i o n ,
-1  1 an d  a t  a b o u t 3 0 ,0 0 0  cm a  b an d  t h a t  i s  a s s ig n e d  a s  A- ->
I y ®
^Tgg* F o r  co m p lex es o f  o r g a n ic  l ig a n d s  t h a t  hav e  s t r o n g
-1u l t r a - v i o l e t  co m p o n en ts , t h e  b an d  a t  3 0 ,0 0 0  cm i s  u s u a l l y  
o b s c u re d ,  m ak in g  th e  d e te r m in a t io n  o f  10 Dq im p o s s ib le .
I n  t h e  p r e s e n t  c a se  e v e n  th e  b an d  a t  2 0 ,0 0 0  cm"1 i s  o b sc u re d  
f o r  C o(PyP)^» s in c e  t h e  low  e n e rg y  t a i l  o f  th e  i n t e n s e  u l t r a ­
v i o l e t  ban d  a t  2 6 ,6 7 0  cm"1 e x te n d s  o u t  i n t o  t h e  v i s i b l e  so  
f a r  t h a t  a t  1 8 ,2 0 0  cm”1 th e  m o la r  e x t i n c t i o n  c o e f f i c i e n t  i s  
s t i l l  g r e a t e r  th a n  1 0 0 . C o ( P a ld ) ,  h a s  a  b ro a d  b an d  a t
-1  i  i
1 5 ,8 7 0  cm (6 1 ) w h ich  c a n  be a s s ig n e d  a s  th e  A^g " * ig
t r a n s i t i o n . ^
When th e  tw o c o o r d in a t in g  s i t e s  o f  a  b i d e n t a t e  
l i g a n d  a r e  d i f f e r e n t ,  t h e  l i g a n d  i s  o f  a  ty p e  known a3  AB. 
B o th  t h e  P a id  and  PyP l ig a n d s  f a l l  i n t o  t h i s  c a te g o r y .  
O c ta h e d ra l  co m p lex es o f  AB ty p e  b i d e n t a t e  l i g a n d s  c a n  be  i n  
e i t h e r  a  c i s  o r  t r a n s  c o n f i g u r a t i o n .  T h is  i s  t o  s a y  t h a t
i f  one  t a k e s  t h e  p r o p e r  t h r e e - f o l d  a x i s  o f  a n  o c ta h e d ro n ,
f o r  t h e  c i s  c a s e  a l l  t h e  'A* g ro u p s  o f  th e  t h r e e  b i d e n t a t e  
l i g a n d s  a r e  o n  th e  n e a r  t r i a n g u l a r  f a c e  an d  a l l  t h e  'B ' 
g ro u p s  a r e  o n  th e  f u r t h e r  t r i a n g u l a r  f a c e .  The o c ta h e d r o n
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t h u s  h a s  t h r e e - f o l d  r o t a t i o n a l  sym m etry . I f ,  o n  th e  o th e r  
h a n d , one o f  th e  l i g a n d s  I s  r e v e r s e d ,  t h e n  th e r e  a r e  two 'A* 
g ro u p s  and one  »B» g ro u p  o n  th e  n e a r  t r i a n g u l a r  f a c e  and  th e  
t h r e e - f o l d  sym m etry  I s  l o s t .  T h is  l a c k  o f  sym m etry I s  a l s o  
th e  c a s e  f o r  a l l  o f  th e  o t h e r  a x e s  so  t h a t ,  I n  f a c t ,  th e  
o c ta h e d r o n  c o n ta in s  no sym m etry e le m e n ts .
To d i s t i n g u i s h  c i s  and  t r a n s  is o m e rs  o f  o c ta h e d r a  
fo rm ed  w i th  b i d e n t a t e  l i g a n d s ,  p r o t o n  m a g n e tic  re s o n a n c e  
c a n  be a p p l i e d .  F o r  th e  u n sy m m e tr ic a l  t r a n s  iso m e r  
a  g iv e n  s u b s t i t u e n t  on  e a c h  c h e l a t e  r i n g  c o u ld ,  i n  p r i n c i p l e ,  
p ro d u c e  a  s e p a r a t e  r e s o n a n c e ,  b u t  o n ly  a  s i n g l e  re s o n a n c e  
f o r  th e  same s u b s t i t u e n t  s h o u ld  o c c u r  i n  t h e  c l3  fo rm .
T h is  b e h a v io r  h a s  b e e n  o b s e rv e d  f o r  a  num ber o f  t r i v a l e n t  
co m p lex es i n c l u d i n g  c o b a l t ( I I I ) ,^ 3 » 1 7  c a s e s  r e p o r t e d
f o r  c o b a l t ( I I I )  th e  c o n f i g u r a t i o n s  have  b e e n  fo u n d  t o  be 
t r a n s  and  one o r  m ore s u b s t i t u e n t  r e s o n a n c e s  i n  th e  nmr 
s p e c tru m  h a v e  b e e n  s p l i t  i n t o  t h r e e  co m p o n en ts . I t  i s  n o t  
n e c e s s a r i l y  t r u e  t h a t  a  l a c k  o f  s p l i t t i n g  i n  th e  p e a k s  o f  a  
s u b s t i t u e n t  i s  e v id e n c e  o f  a  c i s  is o m e r . I t  w ou ld  be p o s s ib l e  
t h a t  p r o to n s  o f  a  s u b s t i t u e n t  o f  a  t r a n s  com plex  c o u ld  be  
c h e m ic a l ly  so  s i m i l a r  t h a t  th e y  w ou ld  n o t  g iv e  r i s e  t o  an y  
s p l i t t i n g .  T hus i t  i s  n o t  s a f e  t o  assum e t h a t  l a c k  o f  
s p l i t t i n g  i s  p r o o f  o f  a  c i s  c o n f i g u r a t i o n  w i th o u t  o th e r  
c o n f i r m a to r y  e v id e n c e .
P r o to n  re s o n a n c e  s p e c t r a  w ere  ex am in ed  f o r  th e  two 
c o b a l t  co m p lex es  and  t h e i r  f r e e  l i g a n d s  i n  d - c h lo r o f o n n
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s o l u t i o n .  The sp e c tru m  o f  HPyP i s  u n u s u a l ly  com plex , e a c h  
h y d ro g e n  s i g n a l  b e in g  s p l i t  i n t o  m ore th a n  a  h a l f  d o z e n  
c l o s e l y  s p a c e d  p e a k s .  None o f  th e  r e s o n a n c e s  g iv e s  a n y th in g  
n e a r  a  s h a rp  s i n g l e t ,  n o r  e v e n  a  r e c o g n iz a b le  p a t t e r n .  I n  
th e  com plex  th e  s i t u a t i o n  i s  som ew hat w o rs e , i n  t h a t  th e  
c o n c e n t r a t i o n  i s  n o t  a s  h ig h  an d  c o n s e q u e n t ly  t h e  n o i s e  
l e v e l  i s  i n c r e a s e d .  I n  a d d i t i o n ,  th e  p r e v i o u s ly  s e p a r a te d  
p e a k  a r e a s  m e rg e , m ak ing  a s s ig n m e n t o f  th e  p a t t e r n  im p o s s ib le .  
As a  r e s u l t ,  i f  s p l i t t i n g  d o e s  o c c u r  i t  r e m a in s  u n d e te c te d  
and  th e  c o n f i g u r a t i o n  o f  C ofP yP )^  re m a in s  unknown.
The G o (P a id )^  com plex r e p r e s e n t s  a  f a r  more i n t e r ­
e s t i n g  c a s e .  The nmr sp e c tru m  o f  th e  H -P a ld  l i g a n d  w i th
a s s ig n m e n ts  i s  g iv e n  i n  T ab le  V. T h ese  a s s ig n m e n ts  a r e  i n
Il7a g re e m e n t w i t h  th e  l i t e r a t u r e .  The a c t u a l  sp e c tru m  o f  th e  
C o (P a ld )^  com plex  i s  p r e s e n te d  i n  F ig u r e  I I I .  The sp e c tru m  
o f  t h e  com plex  i s  n o t  so  r e a d i l y  a s s ig n e d  a s  t h a t  o f  th e  
l i g a n d .  The b r o a d  hump a t  7 .9  t o  8.1|. ppm lo o k s  much l i k e  
a  p r o t o n  o n  a  n i t r o g e n ,  b u t  i f  t h i s  i s  s o , t h e n  a  t o t a l l y  
d i f f e r e n t  b o n d in g  schem e m ust b e  d e v e lo p e d .
B e fo re  th e  c i s - t r a n s  c o n f i g u r a t i o n  o f  C o (P a ld )^  
c a n  b e  ex am in ed , th e  a s s ig n m e n t o f  t h e  sp e c tru m  o f  t h e  com plex  
m u s t be  m ade. To c l a r i f y  th e  p ro b le m , th e  c o b a l t ( l l l )  com plex  
o f  2 - a c e t y l p y r r o l e  (H A ctP) was p r e p a r e d .  T h is  i s  H P a ld  w here  
t h e  a ld e h y d e  h y d ro g e n  h a s  b e e n  r e p l a c e d  b y  a  m e th y l g ro u p .
The sp e c tru m  o f  th e  HActP l i g a n d  w i th  a s s ig n m e n ts  i s  g iv e n  
i n  T a b le  V a n d  th e  a c t u a l  sp e c tru m  o f  th e  C o (A c tP )^  com plex
Table V
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The Nmr S p e c tru m  o f  th e  C o b a l t ( l I I )  Com plex o f  P y r r o l - 2 - a l d e h y d e ,  Co (P a id )  ^ -F*
F ig u r e  IV
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The Nrar S p ec tru m  o f  th e  C o b a lt  ( I I I )  Com plex o f  2 - A c e ty lp y r r o l e ,  C o (A c tP )^ •F--3
l a  p r e s e n t e d  i n  F ig u r e  IV . The a s s ig n m e n t o f  t h i s  s p e c tru m  
i s  f a i r l y  s t r a ig h t f o r w a r d  a n d  i s  g iv e n  i n  T a b le  V b a s e d  o n  
th e  f o l lo w in g  c o n s i d e r a t i o n s .  The s i n g l e  p r o t o n  a t  7*18 
ppm i s  th e  r e g i o n  o f  th e  3 -  and  5 - p o s i t i o n  p r o to n s  b e f o r e  
c a ra p le x a t io n .  The 5 - p o s i t i o n  p r o to n  i s  n e x t  t o  th e  c o o r d i ­
n a te d  n i t r o g e n  s i t e ,  th u s  t h e  s i g n a l  a t  7*18  ppm i s  a s s ig n e d  
a s  t h e  3 - p o s i t i o n  p r o to n ,  t h e  s i t e  l e a s t  a f f e c t e d  by  c o o r d i ­
n a t i o n .  The h -  a n d  5 - p o s i t i o n  p r o to n s  a p p e a r  t o  h av e  s i m i l a r  
c h e m ic a l  s h i f t s  an d  a r e  a s s ig n e d  a s  c a u s in g  th e  d i s t o r t e d  
t r i p l e t  i n  th e  6 .2 1  ppm r e g i o n .  T h is  a s s ig n m e n t a p p e a rs  t o  
be u n am b ig u o u s.
On c o m p a r iso n  o f  t h e  C o (A c tP )^  and  th e  C o (P a ld )^  
s p e c t r a ,  t h e  n o t a b l e  an d  o b v io u s  s i m i l a r i t y  i s  t h a t  th e  
a p p e a ra n c e  o f  th e  p y r r o l e  r e s o n a n c e s  o f  C o (A c tP )^  a r e  m uch 
l i k e  t h e  p e a k s  a t  7*31 an d  6 .3 6  ppm o f  C o (P a ld )^ ,  i n d i c a t i n g  
t h a t  t h e s e  t h r e e  p r o to n s  a r e  r e s p e c t i v e l y  th e  3 -  and  i m ­
p o s i t i o n  p r o to n s  o f  th e  p y r r o l e  r i n g  o f  P a id .  T h is  l e a v e s  
u n a s s ig n e d  th e  v e r y  b ro a d  huznp a t  7*9 t o  8.ij. ppm. A d d i t io n ­
a l l y ,  t h e  a ld e h y d e  p r o to n  l ia s  n o t  b e e n  a s s ig n e d .  The 
a ld e h y d e  p r o to n  w ou ld  n o t  b e  e x p e c te d  t o  be  a s  b ro a d  a s  th e  
hump a t  7*9 t o  8.ij. ppm; h o w e v e r , a  N - p y r r o le  h y d ro g e n  i s  
n o t  e x p e c te d  t o  b e  p r e s e n t  e i t h e r .
A p r o to n  a t t a c h e d  t o  a  n i t r o g e n  atom  su c h  a s  i n
p y r r o l e  w ould  be  e x p e c te d  t o  ex ch an g e  r a t h e r  r a p i d l y  w i th
B^O, e s p e c i a l l y  i f  a  d ro p  o f  a c id  w ere  a d d e d . An a ld e h y d e
p r o to n  w ou ld  n o t  b e  e x p e c te d  t o  e x ch an g e  a t  a l l .  To d l s -
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t i n g u i s h  d e f i n i t e l y  t h e  ty p e  o f  h y d ro g e n  r e p r e s e n te d  b y  th e  
b ro a d  r e s o n a n c e  a t  7*9 to  d .lj. ppm i n  th e  C o (P a ld )^  s p e c tru m , 
th e  s o l u t i o n  was sh a k e n  w i th  a  d ro p  o f  DgO an d  th e  r e g i o n  
fro m  9 .0  t o  7 .0  ppm was s c a n n e d . A d ro p  o f  h y d r o c h lo r i c  
a c i d  w as added  a n d  th e  m ix tu r e  w as sh a k e n  a g a i n .  No change 
i n  th e  b ro a d  hump o r  i t s  i n t e g r a t i o n  w as a p p a r e n t  e v e n  a f t e r  
t h e  D g O -ac id  s o l u t i o n  w as h e a t e d  and  sh a k e n  f o r  t h i r t y  
m in u te s .  From t h e s e  o b s e r v a t io n s  an d  from  c o m p a r iso n  w i th  
th e  sp e c tru m  o f  C o (A c tP )y  i t  i s  c o n c lu d e d  t h a t  th e  b ro a d  
hump a t  7*9 t o  8.1^ ppm i s  in d e e d  due t o  th e  a ld e h y d e  p r o to n  
o f  P a i d .  A d d i t i o n a l l y ,  t h e  i n f r a r e d  sp e c tru m  o f  C o (P a ld )^  
shows no  t r a c e  o f  th e  N-H s t r e t c h  w h ic h  i s  c h a r a c t e r i s t i c  
i n  th e  f r e e  l i g a n d .
I n  c o n s id e r in g  th e  c i s - t r a n s  n a tu r e  o f  C o (P a ld )^ , 
i t  h a s  a l r e a d y  b e e n  n o te d  t h a t  i f  C o (P a ld )^  w ere  t r a n s , 
th e n  t h e  a ld e h y d e  p r o to n  c o u ld  g iv e  r i s e  t o  t h r e e  s l i g h t l y  
d i f f e r e n t  s i g n a l s . I f  th e  t h r e e  s i g n a l s  w ere  n o t  r e s o l v e d ,  
a  b ro a d e n e d  p e a k  c o u ld  r e s u l t .  T h is  w ould  n o t ,  h o w ev er, be  
e x p e c te d  t o  p ro d u c e  a  v e ry  b r o a d  hump some 0 .5  ppm w id e . 
I n s t e a d ,  a  p e a k  w i th  a  h a l f - h e i g h t  w id th  tw ic e  o r  p e rh a p s  
e v e n  t h r e e  t im e s  a s  g r e a t  a s  th e  l i g a n d 's  o r i g i n a l  p e a k  
m ig h t b e  e x p e c te d .  T hus i t  i s  c o n c lu d e d  t h a t  th e  r e s p o n s e  
a t  7*9 t o  8.1j. ppm i n  th e  sp e c tru m  o f  C o (P a ld )^  i s  n o t  due 
t o  a  t r a n s  e f f e c t ,  b u t  t o  some o t h e r  f a c t o r .
A ls o ,  none o f  th e  o t h e r  p e a k s  i n  th e  C o (P a ld )^  
s p e c t ru m  shows th e  ty p e  o f  s p l i t t i n g  t h a t  c o u ld  be  a t t r i b u t e d
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t o  t h e  t r a n s  fo rm . The same i s  t r u e  f o r  C o (A c tP )^  w here  
th e  m e th y l p e a k  i s  v e ry  s h a r p  w i th o u t  any  o b s e rv e d  s p l i t t i n g .  
The l a c k  o f  s p l i t t i n g  i s  n o t  n e c e s s a r i l y  due t o  th e  c i s  
c o n f i g u r a t i o n .  S p l i t t i n g  c o u ld  be  a b s e n t  i n  th e  t r a n s  i f  
a l l  t h e  p r o to n s  a r e  f r e e  fro m  i n te r m o l e c u l a r  i n t e r a c t i o n s .  
Prom e x a m in in g  m o d e ls  o f  t r a n s -Co (P a id )  ^ an d  t r a n s -Co (A c tP ) y  
i t  a p p e a r s  t h a t  t h e r e  s h o u ld  b e  v e ry  l i t t l e  s t e r i c  i n t e r ­
a c t i o n  b e tw e e n  an y  p r o to n  an d  a n o th e r  l ig a n d  m o le c u le .  
C o n s e q u e n tly , th e  l a c k  o f  s p l i t t i n g  c a n n o t  be assum ed to  
a r i s e  from  th e  sy m m e tr ic a l c i s  c o n f i g u r a t i o n ,  s in c e  i t  w ould  
be n o t  u n l i k e l y  f o r  t h e  t r a n s  c a s e  a s  w e l l .  T h u s th e  c o n ­
f i g u r a t i o n  o f  n e i t h e r  com plex  h a s  b e e n  r e s o l v e d .
O th e r  m echan ism s t h a t  may p ro d u c e  l i n e  b ro a d e n in g  
g e n e r a l l y  f a l l  i n t o  th e  c a t e g o r i e s  o f  ' s p i n - s p i n ’ i n t e r ­
a c t i o n s  and  ' s p i n - l a t t i c e » i n t e r a c t i o n s .  S p i n - s p i n  i n t e r ­
a c t i o n  a r i s e s  when th e  n u c l e a r  m a g n e tic  moment o f  a  p r o to n  
comes i n t o  r e s o n a n c e  w i th  a  n e ig h b o r in g  p r o t o n 's  m om ent.
When tw o m oments becom e r e s o n a n t  th e y  may e x ch an g e  t h e i r  
s p i n s . A s a  r e s u l t  a  p r o to n  u n d e r  i n v e s t i g a t i o n  m ay, i f  
c o n d i t i o n s  a r e  r i g h t ,  h av e  a n  a l t e r n a t e  way o f  r e l a x a t i o n  
fro m  i t s  e x c i t e d  s t a t e .  I f  t h e  e x ch an g e  i s  e f f i c i e n t  
( i . e . ,  f a s t ) ,  th e  o b s e rv e d  l i n e  w id th  w i l l  be  b ro a d e n e d .
One s t r i c t  c r i t e r i o n  f o r  th e  e x i s t e n c e  o f  su c h  a  m echanism
i s  t h a t  th e  e x c h a n g in g  h y d ro g e n  n u c l e i  m u st b e  p h y s i c a l l y
ii8c lo s e  t o  e a c h  o t h e r .  T h is  c o n s i d e r a t i o n  r u l e s  o u t  s p in -  
s p i n  e x ch an g e  f o r  t h e  a ld e h y d e  p r o to n  o f  C o (P a ld )^ .  M odels
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c l e a r l y  show t h a t  t h e s e  p r o to n s  a r e  w e l l  s e p a r a t e d  from  
a n y  o t h e r  p r o to n  I n  t h e  com plex  f o r  b o th  c i s  and  t r a n s  
c o n f i g u r a t i o n s .  A d d i t i o n a l l y ,  th e  e x tre m e  b ro a d e n in g  
o b s e rv e d  i s  n o t  c h a r a c t e r i s t i c  o f  a  s p i n - s p i n  i n t e r a c t i o n .
S p i n - l a t t i c e  i n t e r a c t i o n s  a r e  o f  tw o b a s i c  ty p e s ;  
p a ra m a g n e tic  b ro a d e n in g  an d  n u c l e a r  q u a d ru p o le  moment
U-9b r o a d e n in g .  The l a t t e r  i s  e f f e c t i v e  o n ly  when th e  
p r o t o n  i s  bonded  t o  a n  a tom  t h a t  h a s  a  n u c l e a r  s p i n ,  I ,  
g r e a t e r  t h a n  ?g. W h ile  i t  i s  t r u e  t h a t  c o b a l t  $9 ( n a t u r a l  
c o b a l t )  h a s  a  s p i n  e q u a l  t o  7 / 2 ,  th e  c o b a l t  n u c le a r  moment 
c a n n o t  b e  e x p e c te d  t o  i n t e r a c t  w i th  th e  a ld e h y d e  p r o to n  
th r o u g h  t h e  c a rb o n y l  g ro u p  t h a t  s e p a r a t e s  them .
The se c o n d  ty p e  o f  s p i n - l a t t i c e  b r o a d e n in g ,  p a r a ­
m a g n e tic  b r o a d e n in g ,  o c c u r s  w hen a  p a ra m a g n e tic  s p e c i e s  
i s  p r e s e n t .  An e l e c t r o n  m a g n e tic  moment i s  some t h r e e  
o r d e r s  o f  m a g n itu d e  g r e a t e r  t h a n  a  n u c l e a r  m a g n e tic  m oment. 
C o n s e q u e n tly , th e  m o tio n  o f  a  p a ra m a g n e tic  s p e c ie s  i n  th e  
l a t t i c e  ( h e r e  t h i s  w o u ld  b e  th e  l i q u i d  s o l u t io n )  c a n  p ro d u c e  
a n  i n t e n s e  f l u c t u a t i n g  l o c a l  f i e l d  w h ich  w i l l  g r e a t l y  r e d u c e  
s p i n - l a t t i c e  r e l a x a t i o n  t im e s .  The r e d u c t i o n  o f  t h e  l i f e t i m e  
o f  th e  e x c i t e d  s t a t e  m akes t h e  e n e rg y  u n c e r t a i n  a n d  g iv e s  
r i s e  t o  a  b ro a d e n e d  r e s p o n s e .
C o b a lt  ( I I I )  w as show n e a r l i e r  t o  h av e  a  s m a ll  
m a g n e tic  moment due l a r g e l y  t o  te m p e ra tu re  in d e p e n d e n t  
p a ra m a g n e tism . I t  seem s p r o b a b le  i n  v iew  o f  t h e  p r e c e d in g  
d i s c u s s i o n  o f  l i n e  b ro a d e n in g  p r o c e s s e s  t h a t  th e  a ld e h y d e
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p r o to n  o f  C o (P a ld )^  i s  made i n t o  a  b r o a d  hump by  t h i s  
p a ra m a g n e tic  i n t e r a c t i o n  m echan ism . J u s t  a s  p a ra m a g n e tic  
c o u p lin g  d o e s  n o t  s h i f t  th e  p o s i t i o n s  o f  p e a k s  u n i f o r m ly ,  
n e i t h e r  m u st p a ra m a g n e tic  b ro a d e n in g  b e  e q u a l  f o r  a l l  
p r o to n s .  T hus th e  p y r r o l e  p r o to n s  a r e  n o t  b ro a d e n e d .
T he s e l e c t i o n  o f  th e  p a ra m a g n e tic  e f f e c t  f o r  th e  
m echanism  o f  th e  o b s e rv e d  s p e c t r a  i s  m ore by  a  p r o c e s s  o f  
e l i m i n a t i o n  r a t h e r  t h a n  one o f  c h o o s in g  a  m echanism  t h a t  
i s  p a r t i c u l a r l y  s u i t a b l e .  P a ra m a g n e tic  b ro a d e n in g  i s  n o t  
u n l i k e l y ,  s in c e  th e  b ro a d e n in g  c a n n o t b e  shown t o  a r i s e  
from  one o f  th e  o t h e r  m ec h an ism s. The e v id e n c e  i n  s u p p o r t  
o f  th e  s u g g e s te d  c a u s e  o f  th e  a ld e h y d e  b ro a d e n in g  i s  n o t  
c o n c lu s iv e  and  th e  i n f l u e n c e s  a f f e c t i n g  th e  nmr sp e c tru m  
o f  C o (P a ld )^  a r e  c e r t a i n l y  d e s e r v in g  o f  m ore i n t e n s i v e  
s tu d y  i n  th e  f u t u r e .
T he I r o n  C om plex . —The o n ly  i r o n  com plex p r e p a r e d  
an d  s t u d i e d  was th e  i r o n ( I I I )  com plex  o f  HPyP. P r e l im in a r y  
e f f o r t s  t o  p r e p a r e  t h e  i r o n  com plex  o f  e i t h e r  H P ald  o r  HP1P 
w ere  u n s u c c e s s f u l .  W ith  b o th  sy s te m s  o n ly  d a rk  t a r r y  
r e s i d u e s  w e re  o b ta in e d  u s in g  th e  m e th o d s  fo u n d  s u c c e s s f u l  
f o r  th e  o t h e r  c o m p le x e s . The a t te m p te d  s y n th e s e s  w e re  n o t  
i n t e n s i v e l y  p u r s u e d ,  s in c e  f o r  i r o n ( I I I )  com plexes t h e  
p h y s i c a l  p r o p e r t i e s  t h a t  w ere  t o  be  i n v e s t i g a t e d  do  n o t  
l e n d  th e m s e lv e s  t o  v e r y  much s i g n i f i c a n t  i n t e r p r e t a t i o n .
The F e (F y P )^  com plex  e x h i b i t s  a  m a g n e tic  moment o f  
2 .2 6  BM a t  tw o d i f f e r e n t  f i e l d  s t r e n g t h s  a t  room te m p e r a tu r e .
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The moment i n d i c a t e s  one u n p a i r e d  e l e c t r o n  f o r  th e  d~* 
i r o n ( I I I ) ,  o r  a  t | g  c o n f i g u r a t i o n .  The g ro u n d  s t a t e  i s  
t h e n  ^ g g ’^ 0 v a lu e  tl10 m a g n e tic  moment i s  l a r g e r
t h a n  th e  s p i n - o n l y  v a lu e  o f  1 .7 3  BM f o r  one u n p a ir e d  
e l e c t r o n  due  t o  th e  c o n s id e r a b le  am ount o f  o r b i t a l  c o n ­
t r i b u t i o n .  The o r b i t a l  c o n t r i b u t i o n  f o r  t h e  lo w - s p in  
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c o n f i g u r a t i o n  o f  i r o n  u s u a l l y  g iv e s  r i s e  t o  m om ents 
o f  cxo 2 .3  BM.^1
The o r b i t a l  c o n t r i b u t i o n  t o  th e  m a g n e tic  moment 
i s  n o t  th e  s e c o n d - o r d e r  Zeem an ( o r  te m p e r a tu re  in d e p e n d e n t  
p a ra m a g n e tic )  e f f e c t  d i s c u s s e d  p r e v i o u s ly .  I t  i s  a  d i r e c t  
c o u p l in g  o f  th e  g ro u n d  s t a t e  s p in  a n g u la r  momentum an d  
o r b i t a l  a n g u la r  momentum. The o r b i t a l  a n g u la r  momentum 
c o n t r i b u t e s  f r a c t i o n a l l y  r e s u l t i n g  i n  a  s u s c e p t i b i l i t y  t h a t  
i 3  some f r a c t i o n  g r e a t e r  t h a n  th e  s p in - o n ly  v a lu e .  I t  c a n  
b e  shown t h a t  th e  o r b i t a l  a n g u la r  momentum i s  z e r o  f o r  A
an d  E g ro u n d  te r m s ,  b u t  t h a t  i t  may e x i s t  f o r  T g ro u n d
31 c>2t e r m s .  L o w -sp in  i r o n ( I I I )  h a s  a  Tgg g ro u n d  te rm , and
i t  i s  t h i s  e f f e c t  t h a t  i n c r e a s e s  i t s  m a g n e tic  m om ent. 
U n f o r tu n a t e ly ,  a  more c o m p le te  d e s c r i p t i o n  becom es v e ry  
co m p lex , i n v o lv in g  a  c o n s id e r a b le  am ount o f  g ro u p  t h e o r y ,  
an d  i s  n o t  r e a d i l y  d i s c u s s e d  i n  g e n e r a l  te r m s .
T h a t  t h e  i r o n ( I I I )  i s  i n  a  lo w - s p in  ( t | g ) s t a t e  i s  
a n  i n d i c a t i o n  o f  t h e  s t r e n g t h  o f  th e  2 -(  2 - p y r id y l )  p y r r o l e  
l i g a n d .  O n ly  th e  s t r o n g e s t  l i g a n d s  su c h  a s  c y a n id e ,  d i p y r i ­
d in e  a n d  1 ,1 0 - p h e n a n th r o l in e  w i l l  p ro d u c e  lo w - s p in  i r o n ( l l l )
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51c o m p le x e s . Prom  th e  s t r u c t u r e  o f  2 - ( 2 - p y r i d y l ) p y r r o l e  
one w ou ld  p r e d i c t  t h a t  i t  w ou ld  f a l l  I n to  t h e  c l a s s  o f  
s t r o n g f i e l d  l i g a n d s  f o r  l r o n ( l l l ) .
I n  s o l u t i o n  th e  F e(P y P y ) ^ com plex  i s  a n  i n t e n s e  
p u r p l e .  S t ro n g  c h a rg e  t r a n s f e r  b a n d s  i n  th e  u l t r a v i o l e t  
e x te n d  w e l l  i n t o  t h e  v i s i b l e  r e g i o n ,  and  a n  i n t e n s e  b an d  
a t  1 8 ,8 7 0  cnT^ ( 3 010 ) n e a r l y  i n  th e  m id d le  o f  th e  v i s i b l e
r e g i o n  i s  p r o b a b ly  a l s o  a  c h a rg e  t r a n s f e r  a b s o r p t i o n .  A
- 1  -1  b ro a d  s h o u ld e r  t h a t  e x te n d s  from  1 5 ,6 2 5  cm t o  1 3 ,1 6 0  cm
(a/ I j.00) i s  l i k e l y  due t o  l i g a n d  f i e l d  i n t e r a c t i o n s  and
a lm o s t  c e r t a i n l y  r e p r e s e n t s  m ore t h a n  one t r a n s i t i o n .
I n t e r p r e t a t i o n  o f  th e  l i g a n d  f i e l d  b a n d s  e v e n  f o r  th e
r e l a t e d  and  w e l l - s t u d i e d  com plex  K^Pe(CN)^ i s  v e ry  u n c e r t a i n ; ^ 0
t h e r e f o r e ,  no  a t t e m p t  i s  m ade t o  a s s i g n  th e  l i g a n d  f i e l d
sp e c tru m  o f  t h e  P e (P y P )^  co m p lex .
The u s e  o f  nmr t o  i n v e s t i g a t e  th e  c i s - t r a n s  c h a r a c t e r  
o f  a n  o c t a h e d r a l  i r o n ( l l l )  com plex  c a n n o t b e  e x p e c te d  t o  be  
p r o d u c t i v e .  I r o n ( I I I )  i s  p a ra m a g n e tic  an d  w i l l  a s  a  con ­
se q u en c e  r a d i c a l l y  s h i f t  th e  p r o t o n  r e s o n a n c e s  fro m  t h e i r  
f r e e  l ig a n d  p o s i t i o n s .  S h i f t s  up  t o  1 0 ,0 0 0  cp s  w o u ld  n o t  be  
u n e x p e c te d .  A d d i t i o n a l l y ,  a s  p o in te d  o u t  f o r  C o ( P y P ) t h e  
sp e c tru m  o f  HPyP i s  v e ry  com plex  w i th  a  g r e a t  d e a l  o f  f i n e  
s t r u c t u r e .  The e x i s t e n c e  o f  so  much f i n e  s t r u c t u r e  f o r  th e  
f r e e  l i g a n d  m akes th e  o b s e r v a t i o n  o f  any  a d d i t i o n a l  s p l i t t i n g  
e x tr e m e ly  d i f f i c u l t .  T h u s, e v e n  i f  a n  nmr sp e c tru m  c o u ld  be 
o b t a in e d ,  i t  i s  d o u b t f u l  t h a t  i t  c o u ld  b e  I n t e r p r e t e d  w i th
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r e g a r d  t o  th e  c i s - t r a n s  c o n f i g u r a t i o n  o f  th e  com plex .
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M a g n e tic  M e a su re m e n ts . —To d e te rm in e  th e  m a g n e tic  
momenta o f  th e  com plexes s t u d i e d ,  th e  f o l lo w in g  m e a su re -  
m e n ts  w ere  made u s in g  th e  Gouy m eth o d . ^
Np W eig h t o f  th e  tu b e  em pty , f i e l d  o f f
WT p W eig h t o f  t h e  tu b e  em p ty , f i e l d  on
WTS,NF W eig h t o f  th e  tu b e  an d  sa m p le , f i e l d  o f f
WTS P W eigh t o f  t h e  tu b e  and  sa m p le , f i e l d  on
The same m easu rem en ts  w ere  made f o r  th e  s ta n d a r d  
m e r c u r y ( I I )  t e t r a t h i o c y a n a t o c o b a l t a t e ( I I ) . The tu b e  
c o n s t a n t  H, a  m ea su re  o f  th e  f i e l d  s t r e n g t h  and  tu b e  
c h a r a c t e r i s t i c s ,  c a n  be c a l c u l a t e d  fro m  e q u a t io n  ( 1 ) .  The
R _ < W < V  m
<‘WS) (T)
sym bo ls u s e d  i n  e q u a t io n  I  h a v e  th e  f o l lo w in g  m e a n in g .
» M o la r s u s c e p t i b i l i t y  o f  th e  sam ple  ( i n  t h i s  
c a s e  t h e  s t a n d a r d  f o r  w h ich  Xj  ̂ = lj.820 x  10“ ^ 
c g s  u n i t s )
WS * WTS,NF " WT,NF 
AWg = (wt S ,F  " WT,F^ ** WS 
T « T e m p e ra tu re  i n  °K
The m o la r  s u s c e p t i b i l i t y  o f  th e  com plex  i s  th e n
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fo u n d  fro m  th e  r e l a t i o n  shown i n  e q u a t io n  ( 2 ) . MWg i s
XMS = RT ^ - (,WS> (2 )
t h e  m o le c u la r  o f  t h e  sam ple  an d  AWg an d  Wg a r e  d e te rm in e d  
i n  th e  sam e m anner a s  w as done f o r  th e  s t a n d a r d .
T he v a lu e  o f  X^g fo u n d  m ust h e  c o r r e c t e d  f o r  th e
d ia m a g n e t ic  c o n t r i b u t i o n  o f  t h e  l ig a n d s  and  th e  c lo s e d  s h e l l s
oc
o f  th e  m e t a l  i o n s .  A d d i t iv e  e le m e n t c o r r e c t i o n s  ^  an d
26e x p e r im e n ta l  v a lu e s  w ere  com bined  t o  d e te rm in e  v a lu e s  
f o r  th e  l i g a n d s  2 - ( 2 - p y r i d y l ) p y r r o l e ,  2 , 2 * - ( 1 f - p y r r o l i n y l ) -  
p y r r o l e ,  a n d  p y r r o l e - 2 - a ld e h y d e  o f  - 8 8 . 0 , - 8 ? .7  an d  -I4.9 .0  
( a l l  a r e  x  1 0 “^) r e s p e c t i v e l y .  The v a lu e  o f  - 1 2 .8 ( x l 0 ”^) 
was u se d  t o  c o r r e c t  f o r  th e  i n n e r  e l e c t r o n  s h e l l s  o f  e ac h  
o f  th e  m e t a l  io n s .  T hus th e  c o r r e c t i o n  f o r  C u tP y P ^  i s  
shown a s  a n  exam ple i n  e q u a t io n  ( 3 ) ■
( - 1 2 .6 )  .  2 ( - 8 8 .0 )  = - 1 8 8 .8  x  1 C 6 = X,., d i a  o o r r
(3 )
T he c o r r e c t e d  s u s c e p t i b i l i t y  o f  th e  m e ta l  i s  fo u n d  
from  th e  r e l a t i o n  show n i n  e q u a t io n  (I4.) .
*  S in c e  i n  t h i s  l i g a n d  th e  C=N o f  1 - p y r r o l i n y l  i s  
c o n ju g a te d  w i th  t h e  p y r r o l e  p a r t  o f  th e  l ig a n d ,  
th e  c o n s t i t u t i v e  c o r r e c t i o n  f o r  one c o n ju g a te d  
c a rb o n  i s  u se d  r a t h e r  t h a n  th e  c o r r e c t i o n  f o r  a  
C*»N-R g ro u p , i n  l i n e  w i th  t h e  c o r r e c t i o n s  a p p l i ­
c a b le  t o  th e  c a l c u l a t i o n  f o r  p y r r o l e  and  p y r i ­
d in e  .
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^MS ”  m e ta l  * d l a  c o r r  ^
U s in g  th e  c o r r e c t e d  u n s u c e p t i b i l i t y  X^ m e t a l » 
u s u a l l y  c a l l e d  X^ c o r r > th e  m a g n e tic  moment u e f f  i n  BM i s  
fo u n d  from  e q u a t io n  (5 )  .
^ eff = 2.8V^m cow?-r (5 )
